Maleic anhydride compatibilized peach waste as filler in polypropylene and high density polyethylene biocomposites by Wong, Caralyn et al.
 MALEIC ANHYDRIDE COMPATIBILIZED PEACH WASTE AS FILLER IN 
POLYPROPYLENE AND HIGH DENSITY POLYETHYLENE 
BIOCOMPOSITES 
 
 
 
A Thesis 
presented to 
the Faculty of California Polytechnic State University, 
San Luis Obispo 
 
 
 
In Partial Fulfillment 
of the Requirements for the Degree  
Master of Science in Food Science 
 
 
 
 
by 
Caralyn Bibi Araya Wong 
August 2020 
 ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2020 
Caralyn Bibi Araya Wong 
ALL RIGHTS RESERVED 
 iii 
COMMITTEE MEMBERSHIP 
TITLE:  
 
 
 
 
AUTHOR: 
 
  
DATE SUBMITTED: 
 
 
COMMITTEE CO-CHAIR: 
 
 
 
 
COMMITTEE CO-CHAIR: 
 
 
 
 
COMMITTEE MEMBER: 
 
 
 
 
COMMITTEE MEMBER: 
 
 
 
Maleic anhydride compatibilized peach 
waste as filler in polypropylene and high 
density polyethylene biocomposites 
 
 
Caralyn Bibi Araya Wong 
 
 
August 2020 
 
 
Stephanie Jung, Ph.D.  
Department Head, Food Science and 
Nutrition Department 
 
 
Joongmin Shin, Ph.D.  
Associate Professor, Industrial 
Technology and Packaging Department 
 
 
Ajay Kathuria, Ph.D.  
Associate Professor, Industrial 
Technology and Packaging Department 
 
 
Luis Fernando Castro, Ph.D.  
Associate Professor, Food Science and 
Nutrition Department
 iv 
ABSTRACT 
Maleic anhydride compatibilized peach waste as filler in polypropylene and high density 
polyethylene biocomposites 
Caralyn Bibi Araya Wong 
 
It is estimated that roughly 103, 515 tons of peach waste is produced annually in 
the US. The majority of the waste is disposed of in landfills, which contributes to climate 
change as they release 93 million metric tons of CO2 equivalent. Peach waste principally 
consists of remaining stone and seed after flesh removal. The agro-waste includes both 
cellulose and lignin, which can be utilized as a filler in plastic packaging to reduce carbon 
footprints and material cost. The objectives of this research are (1) to develop peach flour 
(PF)-filled biocomposites with a polyolefin matrix using maleic anhydride-g-high density 
polyethylene (MAH-g-HDPE) coupling agent resin and (2) to investigate the composites’ 
physicomechanical, thermal, and water absorbance changes. First, preliminary 
experiments examined a range of PF concentrations (5-50%) and MAH concentrations 
(0-17%) were tested to narrow the variability of PF and MAH loading mixture in an 
HDPE matrix. Preliminary experiments suggested that a 2:1 ratio of PF:CR provides 
maximum tensile properties.  
Response surface methodology (RSM) was utilized to analyze and optimize the 
tensile strength of the PW composite. The RSM parameters were MAH loading (5-20%), 
PF loading (2.5-10%), and polyolefin matrix (HDPE or polypropylene). The properties of 
PF-HDPE biocomposites were analyzed using several instrumental analyses. Mechanical 
strength (including tensile strength, elongation, and Young’s modulus) and thermal 
 v 
properties (thermal degradation, melting point, and crystallinity), and water resistance 
with the addition of PF and MAH were investigated.  
Biocomposite mechanical properties generally resulted in a nonsignificant 
decrease compared to the controls. Water absorption significantly increased with PF 
loading (P<0.01, 𝛼=0.05). PF-PP biocomposites demonstrated a shift in thermal stability 
with an average 9.6% increase in Td compared to its control, whereas PF-HDPE 
biocomposites displayed no change in Td compared to its control. PF-PP and PF-HDPE 
biocomposites experienced a 36.7% and 16.0% decrease, respectively, in crystallinity 
with PF addition. The results provided evidence that peach byproduct can be diverted 
from landfills and utilized a filler in a polyolefin matrix. Polyolefin biocomposites with 
2.5% PF would possess comparable tensile strength to a commercially available control. 
PF-polyolefin biocomposites can be used for packaging, automotive, and non-
weightbearing construction parts. 
Keywords: Biocomposite, Peach stone, Maleic anhydride 
  
 vi 
Acknowledgements 
 I would like to thank my advisors, Dr. Stephanie Jung and Dr. Joongmin Shin, for 
the opportunity to perform this research project as well as their guidance throughout my 
time in this program. I would also like to thank my committee members, Dr. Ajay 
Kathuria for his time and dedication in the lab, and Dr. Luis Castro for his feedback and 
always checking in on my progress. I want to thank Dr. Haotian Zhang from the Dairy 
Science Department and Dr. Mark Edwards for the Animal Science Department for both 
helping me perform proximate analysis on the peach flour samples.  
 The faculty and staff of the Food Science and Nutrition Department were always 
very supportive in both my research and academic journey throughout my career at Cal 
Poly. I’d like to thank Molly Lear for her time and advice and always being very flexible 
with scheduling time in the Pilot Plant. Much appreciation for Renata Lehman for helping 
with processing the peach stones into flour. 
 Finally, I’d like to thank my friends and family for their endless support and love 
throughout my undergraduate and graduate education. 
 The peach stones were generously donated by Del Monte, Inc. Thank you Doug 
Van Diepen from Del Monte, Inc. for his time and willingness to collaborate on this 
project. 
 vii 
TABLE OF CONTENTS 
Page 
List of Tables ...................................................................................................................... x 
List of Figures ................................................................................................................... xii 
List of Equations ............................................................................................................... xv 
List of Most Commonly Used Abbreviations .................................................................. xvi 
CHAPTER  1 – Introduction ............................................................................................... 1 
1.1 Background information ........................................................................................... 1 
1.2 Approaches ............................................................................................................... 4 
1.3 Research potential ..................................................................................................... 5 
1.4 Statement of hypothesis ............................................................................................ 5 
CHAPTER  2 – Literature Review ..................................................................................... 6 
2.1 Peach production and processing .............................................................................. 6 
2.2 Peach stone composition ........................................................................................... 7 
2.3 Fruit industry byproduct ......................................................................................... 11 
2.4 Peach waste valorization ......................................................................................... 13 
2.5 Biocomposites ......................................................................................................... 14 
2.5.1 Fiber treatment ................................................................................................. 16 
2.5.1.1 Chemical treatments .................................................................................. 16 
2.5.1.2 Physical treatments ................................................................................... 20 
2.5.2 Fiber characteristics ......................................................................................... 21 
2.5.3 Biocomposite matrices ..................................................................................... 23 
2.6 Biocomposite preparation ....................................................................................... 24 
 viii 
2.7 Instrumental analysis of polymers .......................................................................... 27 
2.7.1 Mechanical properties ...................................................................................... 28 
2.7.2 Water absorption properties ............................................................................. 29 
2.7.3 Physical structure ............................................................................................. 30 
2.7.4 Thermal properties ........................................................................................... 30 
2.8 Environmental issues of plastics ............................................................................. 31 
2.8.1 Biocomposite waste management .................................................................... 33 
CHAPTER  3 – Materials and Methods ........................................................................... 36 
3.1 Materials ................................................................................................................. 36 
3.1.1 Peach flour ....................................................................................................... 36 
3.1.2 Plastic polymer resin ........................................................................................ 37 
3.2 Proximate analysis of peach flour ........................................................................... 37 
3.3 Biocomposite preparation ....................................................................................... 40 
3.4 Preliminary experiments for design of experiment ................................................. 42 
3.5 Response surface methodology to optimize biocomposite formulation ................. 42 
3.6 Instrumental analysis .............................................................................................. 43 
3.6.1. Mechanical property analysis using a universal testing machine ................... 43 
3.6.2 Thermal property analysis using thermogravimetric analyzer and differential 
scanning calorimeter ................................................................................................. 44 
3.6.3 Physical property analysis using ASTM D570 for water absorption .............. 45 
3.7 Statistical analysis ................................................................................................... 46 
CHAPTER  4 – Results and Discussion ........................................................................... 47 
 ix 
4.1 Proximate analysis of peach flour ........................................................................... 47 
4.2 Preliminary tests: Understanding ingredient functionality ..................................... 50 
4.2.1 Compatibilizer resin concentration .................................................................. 50 
4.2.2 Masterbatch processing .................................................................................... 52 
4.2.3 Peach flour loading .......................................................................................... 53 
4.3 Effect of peach flour, compatibilizer resin, and polyolefin on mechanical, thermal, 
and physico-mechanical properties of peach flour-polyolefin biocomposites ............. 55 
4.3.1 Mechanical properties ...................................................................................... 57 
4.3.1.1 Tensile strength ......................................................................................... 57 
4.3.1.2 Young’s modulus and extension at break ................................................. 61 
4.3.2 Thermal analysis .............................................................................................. 67 
4.3.2.1 Thermogravimetric analysis ...................................................................... 67 
4.3.2.2 Differential scanning calorimetry ............................................................. 71 
4.3.3 Water absorption .............................................................................................. 73 
Conclusion ........................................................................................................................ 76 
Bibliography ..................................................................................................................... 78 
  
 x 
List of Tables 
Page 
Table 2.1: Non-starch polysaccharide contents of various plant tissues ............................ 9 
Table 2.2: Amygdalin content of stone fruit kernels (Excerpted from Bolarinwa et al. 
2014). ................................................................................................................................ 11 
Table 2.3: Coupling agent properties (Excerpted from Correa et al. 2007) ..................... 19 
Table 2.4: Dimensions of common fibers (Excerpted from Rowell et al. 1997). ............. 22 
Table 2.5: Processing temperatures for common plastics. (Adapted from Selke and  
Culter  2016). .................................................................................................................... 26 
Table 2.6: General characteristics of polymers according to their mechanical properties 
(Adapted from Selke and Culter 2016). ............................................................................ 29 
Table 3.1: Preliminary formulations of peach flour -high-density polyethylene 
biocomposites ................................................................................................................... 42 
Table 3.2: Peach flour -polyolefin biocomposite compositions ....................................... 43 
Table 3.3: Differential scanning calorimetry heating procedure ...................................... 45 
Table 4.1: Comparison of experimental and literature values for the proximate analysis  
of whole peach stones (endocarp and seed) ...................................................................... 48 
Table 4.2: Effect of peach flour (PF) loading on tensile strength of high-density 
polyethylene (PE) and polypropylene (PP) composites with 5% compatibilizer resin. 
Different letters within a group indicates significant differences. .................................... 58 
Table 4.3: Estimated variance analysis for the tensile strength of peach flour -polyolefin 
biocomposites (𝛼=0.05) .................................................................................................... 59 
 xi 
Table 4.4: Effect of peach flour (PF) loading on Young’s Modulus and Extenstion at 
Break of high-density polyethylene (PE) and polypropylene (PP) composites with 5% 
compatibilizer resin. Different letters within a group indicates significant differences. .. 62 
Table 4.5: Estimated variance analysis for the Young’s modulus of peach flour -
polyolefin biocomposites (𝛼=0.05) ................................................................................... 62 
Table 4.6: Estimated variance analysis for the extension at break of peach flour-
polyolefin biocomposites (𝛼=0.05) ................................................................................... 65 
Table 4.7: Effect of peach flour loading on the degradation temperatures (Td) and 
%residues on peach flour-polyolefin composites through thermogravimetric analysis ... 69 
Table 4.8: Effect of peach flour loading on differential scanning calorimetry values for 
peach flour-polyolefin composites .................................................................................... 72 
Table 4.9: Estimated variance analysis for the %absorbance of peach flour -polyolefin 
biocomposites (𝛼=0.05) .................................................................................................... 74 
  
 xii 
List of Figures 
Page 
Figure 1.1: Estimated food waste percentages for each commodity group in each step of 
the food supply chain in North America and Oceania (Adapted from FAO 2011). ........... 1 
Figure 2.1: (a) A whole peach stone and (b) a deconstructed peach stone ......................... 8 
Figure 2.2: Cellulose structure ............................................................................................ 9 
Figure 2.3: Lignin monomers ........................................................................................... 10 
Figure 2.4: Diagram representing the various sources of natural fibers (Adapted from 
Gurunathan et al. 2015). .................................................................................................... 15 
Figure 2.5: Scheme diagram of PE grafted with MAH (Adapted from Zhang et al.   
2017). ................................................................................................................................ 19 
Figure 2.6: Potential mechanism bonding interactions between cellulose and            
MAH-g-PE (Adapted from Correa et al. 2007; Hermawan et al. 2017). .......................... 20 
Figure 2.7: Schematic of a single-screw extruder (Adapted from Altınkaynak 2010). .... 25 
Figure 2.8: Typical stress-strain curve from tensile testing .............................................. 28 
Figure 2.9: Example of a differential scanning calorimetry curve ................................... 31 
Figure 2.10: Municipal solid waste management in the United States (Adapted from.   
EPA 2020c). ...................................................................................................................... 32 
Figure 3.1: Peach stones (a) pre-mill and (b) post-mill processing. ................................. 37 
Figure 3.2: Peach flour -high-density polyethylene biocomposite granules (a) spread on 
curing paper and (b) placed in between two aluminum plates .......................................... 41 
Figure 3.3: Peach flour -high-density polyethylene biocomposites post-compression 
molding process ................................................................................................................ 41 
 xiii 
Figure 3.4: Peach flour -high-density polyethylene biocomposite samples for tensile 
testing ................................................................................................................................ 44 
Figure 3.5: Process flow diagram for a peach flour -polyolefin biocomposite ................ 46 
Figure 4.1: Particle size distribution of peach flour processed via grain mill .................. 49 
Figure 4.2: Thermogravimetric analysis thermogram of peach flour. The solid line 
represents the weight loss as temperature increases. ........................................................ 50 
Figure 4.3: The effect of compatibilizer resin concentration on the tensile strength of 
peach flour -high-density polyethylene composites with 5%wt. peach flour. .................. 51 
Figure 4.4: Effect of masterbatch processing on the tensile strength of virgin high- 
density polyethylene (Control) and peach flour -high-density polyethylene composites 
with 5%wt. peach flour and varying compatibilizer resin concentration. ........................ 53 
Figure 4.5: Effect of increased peach flour load on the tensile strength of peach flour -
high-density polyethylene and peach flour -polypropylene composites with a 2:1 ratio    
of compatibilizer resin: peach flour. ................................................................................. 54 
Figure 4.6: Tensile strength values for all high-density polyethylene design of  
experiment formulations. .................................................................................................. 56 
Figure 4.7: Tensile strength values for all polypropylene design of experiment 
formulations. ..................................................................................................................... 57 
Figure 4.8: Response surface plot for the tensile strength of peach flour-polyolefin 
biocomposites as a function of peach flour (PF) and compatibilizer resin (CR) .............. 59 
Figure 4.9: Images of films made with 10% peach flour and 10% compatibilizer resin     
in (a) high-density polyethylene and (b) polypropylene peach flour -filled   
biocomposites. .................................................................................................................. 60 
 xiv 
Figure 4.10: Images of films made with 10% peach flour and 20% compatibilizer       
resin in (a) high-density polyethylene and (b) polypropylene peach flour -filled 
biocomposites. .................................................................................................................. 60 
Figure 4.11: Response surface plots for the Young’s Modulus of (a) high-density 
polyethylene and (b) polypropylene peach flour -filled biocomposites ........................... 63 
Figure 4.12: Response surface plots for the Extension at Break of (a) high-density 
polyethylene and (b) polypropylene peach flour composites ........................................... 67 
Figure 4.13: Thermogravimetric analysis thermogram for peach flour -polypropylene 
composites with increasing peach flour loading and 5% compatibilizer resin ................. 69 
Figure 4.14: Thermogravimetric analysis thermogram for peach flour high-density 
polyethylene composites with increasing peach flour loading and 5% compatibilizer  
resin ................................................................................................................................... 70 
Figure 4.15: Response surface plots for water absorption of (a) high-density  
polyethylene and (b) polypropylene peach flour -filled biocomposites ........................... 75 
  
 xv 
List of Equations 
Page 
 
Equation 2.1: Critical fiber length .................................................................................... 23 
Equation 3.1: Ash content ................................................................................................. 38 
Equation 3.2: Kjeldahl nitrogen content ........................................................................... 38 
Equation 3.3: Lipid content ............................................................................................... 39 
Equation 3.4: Amylase neutral detergent fiber content .................................................... 40 
Equation 3.5: Acid detergent fiber content ....................................................................... 40 
Equation 3.6: Biocomposite crystallinity .......................................................................... 45 
 
  
 xvi 
 
List of Most Commonly Used Abbreviations 
PP = Polypropylene 
HDPE = High-density Polyethylene 
MAH = Maleic Anhydride 
PF = Peach Flour 
CR = Compatibilizer Resin 
DOE = Design of Experiment 
CCD = Central Composite Design 
  
 1 
CHAPTER  1 – INTRODUCTION  
1.1 Background information 
Food is lost and wasted along the entire supply chain with the agricultural 
production and consumer consumption stages accounting for a majority of food wastage 
(Figure 1.1). Food loss refers to the unintended result of an agricultural process or 
technical limitation in storage, infrastructure, and/or packaging. Food waste refers to food 
that is safe for consumption but gets discarded. The fruit industry generates large 
volumes of waste and byproducts from processing fresh fruit into juices, nectars, jellies, 
and canned foods. Fruit byproducts such as peels, stems, and seeds account for more than 
50% of fresh fruit weight and may have a higher nutritional or functional content than the 
final product (Ayala-Zavala et al. 2011; Torres-León et al. 2018).  
 
Figure 1.1: Estimated food waste percentages for each commodity group in each step of 
the food supply chain in North America and Oceania (Adapted from FAO 2011). 
Landfilling remains the main option for managing food waste, but this method 
results in landfill gas and leachate production with the risk of contaminating ground 
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water (Kaur et al. 2019). Municipal solid waste landfills are the third-largest human-
generated source of methane emissions in the United States, releasing 92.8 million metric 
tons of carbon dioxide equivalent in 2017 alone (EPA 2019). Methane is a potent 
greenhouse gas with a global warming potential 28 times that of carbon dioxide (IPCC 
2013). Options such as anaerobic digestion and composting are more beneficial methods 
of organic waste management as they return our organic resources to the Earth as soil 
amendment. Therefore, enforcing waste management practices to divert organic waste 
from the landfill is a viable alternative to reduce methane emissions and mitigate global 
climate change. 
In 2017, the United States peach industry produced 59,410 tons of by-product 
(15% total weight) after producing 396,070 tons of processed peach (Hills and Roberts 
1982; USDA NASS 2020). Peaches may be processed for canning, freezing, or juicing. 
Processed peach waste includes peels, pulp, trimmings, stems, and stones. The majority 
of waste is in the form of peach stones, which are most commonly sent to landfill (Wu et 
al. 2018). Fruit byproduct are rich in proteins, fibers, and polyphenols, which have the 
potential for use in nutraceutical supplements, food additives, and pharmaceutical 
products to recover waste and reduce the environmental impact and enhance economic 
value (Ayala-Zavala et al. 2011). 
The peach is an example of a drupe, a type of fruit in which an outer fleshy part 
surrounds a shell that contains the fruit seed. Other drupes include cherries, coffee 
berries, walnuts, and coconuts. Biochemical analysis of drupe shells indicates that they 
contain nearly twice as much lignin as wood and possess high mechanical properties, 
which opens opportunities for drupes in materials research (Mendu et al. 2011). 
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The soaring price for virgin plastic and the negative environmental impact of 
plastic waste has directed the plastic industry to search for a cheap, eco-friendly plastic 
substitute (Sherman 2019). This has led to the development of polymer matrices 
reinforced with natural fillers, such as flax, hemp, and jute (Gurunathan et al. 2015). This 
material is called a biocomposite. The natural fillers are generally sourced from agro-
waste of food processing facilities to reduce the impact of the food production cycle. 
Plant and wood-based fibers possess relatively high strength, high stiffness, and low-
density characteristics compared to their synthetic filler counterpart (Alemdar and Sain 
2008). These are important properties as they have an important impact on mechanical 
performance and strength of biocomposites. However, the hydrophilicity of natural fibers 
limits their compatibility with hydrophobic polymer matrices. To improve their 
compatibility, natural fibers can be exposed to different treatments to improve interfacial 
adhesion between the two phases. Both physical and chemical treatments of natural fibers 
have been explored. Physical methods increase the mechanical bonding and 
entanglements between fiber and matrix to enhance interfacial adhesion, while chemical 
treatments may activate hydroxyl groups or introduce moieties that interlock with the 
polymer matrix (Herrera Franco and Valadez-González 2005; Ghasemi et al. 2018). 
Maleic anhydride addition has shown to be a great way to improve interaction. For 
example, the use of a maleic-anhydride-grafted-polypropylene (MAH-g-PP) coupling 
agent in a barley husk and coconut shell-polypropylene composite increased the tensile 
strength 20-30% due to ester linkage formation between the polypropylene (PP) matrix 
and fibers’ cellulose molecules (Bledzki et al. 2010). 
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In this study, thermoplastics, high-density polyethylene (HDPE) and PP, are used 
to make the biocomposite. Thermoplastics are generally favored over thermosets because 
of their recyclability (Faruk et al. 2012). HDPE and PP are the most common 
thermoplastics for biocomposite applications, partly due to their low melting point at 
200°C, which allows for processing without the thermal degradation of natural fibers 
(Pickering et al. 2016). PP is widely used for industrial and household composite items 
due to its low production cost, design flexibility, and suitability for filling and blending 
(Amir et al. 2017; Dinh Vu et al. 2018). HDPE is one of the dominant rigid plastics in the 
packaging industry as it meets the performance, aesthetic, and economic needs of rigid 
packaging (Cornell 2007). Primary rigid plastic applications include bottling water, milk, 
food, and household chemicals. 
1.2 Approaches 
Processed peach waste in the form of peach stones were incorporated into a 
polyolefin matrix using a maleic anhydride coupling agent. The peach stones were milled 
into peach flour (PF) (Particle size ~180 μm) via a grain mill. Preliminary experiments 
and a design of experiment (DOE) was executed to understand the effect of peach flour 
loading and coupling agent concentration. 
The objectives of this research were (1) to develop PF-filled composites with a PP 
and HDPE matrix using MAH as a coupling agent resulting in a biocomposite with 
maximum tensile strength and (2) to investigate the composites’ physico-mechanical, 
thermal, and water resistance properties. 
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1.3 Research potential 
A successful PF-polyolefin biocomposite has the potential to reduce organic 
waste sent to landfill, which will reduce landfill gas production. As the third highest 
peach producing country, an alternative peach waste management system has the 
potential to reduce the United States’ overall methane production. A PF-polyolefin 
biocomposite may be a prospective material for manufacturing household items, 
automotive parts, and construction materials. Biocomposites are generally great options 
for car doors, chairs, dust trays, and nonstructural construction parts. 
1.4 Statement of hypothesis 
It was hypothesized that MAH compatibilized-PF would serve as a viable filler in 
a polyolefin matrix because peach stones offer a high lignin content for interaction 
between the compatibilizer and polymer matrix.  
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CHAPTER  2 – LITERATURE REVIEW 
2.1 Peach production and processing 
 Peach, Prunus persica (L.) Batsch, originated from Northern China and dated 
back to Neolithic times. The Neolithic village, Yujao City, was discovered in 1973 and 
its excavations uncovered wild peach stones dating back to 6000-7000 BC (Chen, 1994). 
Peaches were introduced to the Americas through Spanish explorations in the 16th 
century. Currently, the top five countries in peach production are China (46%), Italy 
(9%), Spain (7%), USA (7%), and Greece (4%) (Bassi et al. 2015). There are almost 1.5 
million hectares of peach orchards worldwide (Gradziel and McCaa 2008). In 2018 the 
United States consumption of fresh peaches per capita was approximately 2.2lbs, while 
apple consumption was 16.91lbs (Shahbandeh 2019). Peach varieties are categorized by 
the relationship of the fruits’ flesh with their pit. Freestone peaches have pits that easily 
detach from the flesh, while clingstone peaches have flesh that clings to the pit. Freestone 
peaches are produced for the fresh market and clingstone peaches are produced for 
canned peaches. More than 90% of peach production is dedicated to the fresh market. 
 Peaches grow best in regions of temperate climates, between 30° and 40° latitude. 
A standard peach tree can grow to 25 feet tall and 25 feet wide if not pruned. Peaches 
prefer well-drained, sandy soil at a pH range of 6.0-6.5. Prior to harvest, peaches have a 
chill requirement of 600-900 hours at a temperature below 45°F. Peaches are usually 
harvested between late June and September. Peaches are usually harvested at 70-80% 
ripeness to be of optimum ripeness once it reaches the grocery store or cannery.  
 Peach processing begins with picking and collecting peaches in large bins. For 
prolonged storage, peaches are held in cold storage at 0-1°C and 85-90% relative 
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humidity. Controlled atmosphere storage is set at 0-1°C, 5% 𝐶𝑂!., and 1-3% 𝑂! 
(Gradziel and McCaa 2008). Fresh market peaches are brushed and washed twice to 
remove excessive peach fuzz. The peaches are sprayed with a coat of food grade wax to 
increase shelf-life and improve its appearance. Fresh peaches are sorted and graded based 
on their size and packed for distribution. On the other hand, processed peach products 
take washed and sorted peaches to a conveyor to be cut into halves. Vibrating conveyors 
are used to releasing the pit from the flesh. The removed stones fall through holes of the 
conveyor surface for collection. Peach halves are manually inspected to remove any 
remaining stones or pit fragments. The peach skin is removed with an 80°C lye solution. 
The fruit is then washed and inspected for blemishes. Blemished fruit is separated and 
used for purees and frozen fruit blends. The peach halves of acceptable color, taste, and 
texture are sorted by size again. The peach halves are then canned with a sugar solution. 
The canned peaches are passed through boiling water to cook the peaches and sterilize 
the cans. The cans are finally labeled and palletized for distribution. 
2.2 Peach stone composition  
Over time plants have evolved to adapt to their environment with intentions to 
survive and reproduce. Peaches have managed to protect their seeds with the use of the 
endocarp (Figure 2.1). Fruits with hardened endocarps are categorized as drupes. Drupes 
include mangoes, olives, plums, coconut, and coffee. The endocarp encases the fruit’s 
seed and serves as a physical barrier to protect the seed from disease and herbivory.  
Peach fruit growth is traditionally divided into four stages (Gradziel and McCaa 
2008). The first stage is roughly a 50-day growth period between flower bloom and 
endocarp hardening. The exact length of the first stage is dependent on cultivar and 
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temperature. The second stage experiences little increase in fruit size, and energy is 
directed more towards endocarp development. The third stage is a period of rapid fruit 
size increase as mesocarp cells expand. The fourth stage is during the last few weeks 
before harvest and is a period of rapid sugar accumulation. 
(a)  (b)  
Figure 2.1: (a) A whole peach stone and (b) a deconstructed peach stone 
 Due to the structural similarities between peach endocarp tissue and wood, the 
secondary wall formation process can be inferred from wood formation (Dardick and 
Callahan 2014). Wood formation consists of five major developmental steps: (1) cell 
division, (2) cell expansion, (3) secondary cell wall deposition, (4) programmed cell 
death, and (5) heartwood formation (Déjardin et al. 2010). The primary cell wall provides 
the strength and flexibility needed for cell growth and is comprised of cellulose, 
hemicellulose, and pectin, whereas the rigid secondary cell wall primarily provides 
structure and is comprised of cellulose, hemicellulose, lignin, and smaller amounts for 
pectin and protein. Endocarp hardening occurs during secondary wall formation and 
lignification (Dardick and Callahan 2014).  
Drupes, although classified by their similar anatomy, all contain unique tissue 
compositions (Table 2.1). The composition of plant tissue varies with species and 
growing conditions. The biochemical analysis of drupes including olive, black walnut, 
Endocarp 
 
 
 
 
 
Seed 
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peach, and coconut indicate that they contain nearly twice as much lignin as wood, 
suggesting that secondary wall formation is relatively extreme in fruit endocarp tissues 
(Mendu et al. 2011).  
Table 2.1: Non-starch polysaccharide contents of various plant tissues 
Fiber Lignin (wt.%) 
Cellulose 
(wt.%) 
Apricot Stonea 37.0 30.0 
Barley Huskb 22.0 39.0 
Coconut Shellc 44.0 29.7 
Olive Stonec 39.0 33.7 
Peach Stonec 41.6 25.6 
Soft Woodb 31.0 42.0 
Walnut Shellc 40.4 28.2 
aRolando and Bjornbom 1999; bBledzki et al. 2010; cMendu et al. 2011 
Cellulose is a linear, semicrystalline polysaccharide consisting of 𝛽 −(1-4) linked 
D-anhydroglucopyranose units (Figure 2.2). Cellulose chains are bonded by van der 
Waals forces and hydrogen bonds in the microfibrils. Bundles of microfibrils are 
combined to form the cellulose fiber. Degree of polymerization of cellulose is between 
1510 and 5500, which strengthens its crystallinity. Cellulose is reactive due to the 
hydroxyl groups on the glucose ring which can result in extensive hydrogen bonding. 
 
Figure 2.2: Cellulose structure 
Hemicellulose is an amorphous and heterogeneously branched polymer of 
pentoses and hexoses, mainly D-galactose, D-xylose, D-mannose, L-arabinose, D-
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glucose. Hemicellulose has a lower molecular weight compared to cellulose. 
Hemicellulose has a degree of polymerization between 50 and 200, which makes it 
amorphous and easily hydrolysable (Yang et al. 2019). Hemicellulose forms a supportive 
matrix for cellulose microfibrils (John and Anandjiwala 2008).  
Lignin serves as a matrix for the cellulose and hemicellulose and contributes to 
the mechanical strength of the cell tissue. Lignin is formed via the phenylpropanoid 
pathway. This process produces lignin monomers, 𝜌-coumaryl, coniferyl, and sinapyl 
alcohols, which serve as the basis for lignification to produce the lignin polymer via 
oxidative reactions aided by peroxidases and laccases (Figure 2.3). The lignin monomers 
proceed with random coupling to a growing lignin chain to produce the complex lignin 
polymer. The phenylpropanoid pathway produces other secondary metabolic compounds 
that provide other fruit functions such as limiting bacterial and fungal disease and 
contributing to fruit flavor and aroma to both attract and deter herbivores (Dixon and 
Paiva 1995; Peters and Constabel 2002). 
 
Figure 2.3: Lignin monomers 
 The peach endocarp encases an almond-like seed, rich in protein and oil. The 
peach seed has 23-27% and 17-21%  of fat and protein, respectively (Pelentir et al. 2011). 
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The fatty acid composition is primarily oleic and linoleic acid (around 50% each), which 
is uncommon for vegetable oils (Annisa and Widayat 2018). The peach seed protein is 
rich in lysine, leucine, isoleucine, valine, threonine, basic and acidic amino acids with 
contents comparable to soybeans (Rahma and El-Aal 1988). 
 The seeds of different fruits such as peaches, plums, and apricots, contain a 
considerable amount of amygdalin, a toxic substance for human consumption (Table 2.2). 
Amygdalin contains a nitrile group, which can be released as toxic cyanide by the action 
of beta-glucosidase and cause cyanide poisoning. However, peaches have shown to have 
very low or undetectable levels of amygdalin in the endocarp and oil, which may have 
positive implications for its use in the food industry (Viorica-Mirela et al. 2006; Lee et al. 
2017). 
Table 2.2: Amygdalin content of stone fruit kernels (Excerpted from Bolarinwa et al. 
2014). 
Fruit Amygdalin content (mg/g) 
Apple 2.96±0.02 
Apricot 14.37±0.28 
Black Plum 10.00±0.14 
Peach 6.81±0.02 
Pear 1.29±0.04 
Red Cherry 3.89±0.31 
 
2.3 Fruit industry byproduct  
The Food and Agriculture Organization (FAO) of the United Nations defines food 
waste as follows: “the decrease in quantity or quality of food.” Food waste is part of food 
loss and refers to discarding or alternative (nonfood) use of food that is safe and 
nutritious for human consumption along the entire food supply chain, from primary 
production to end household consumer level. 
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Food loss and waste can occur for several reasons at every stage of the production 
and supply chain. Food loss refers to the decrease in quality or quantity of food lost in the 
supply chain due to agricultural processes and/or technical limitations, whereas food 
waste refers to the discarding of food that is safe and nutritious for human consumption 
(FAO 2019). Americans waste 30-40% of the U.S. food supply, representing a loss of 
energy and resources spent to produce, process, and transport food. This excessive food 
waste also contradicts the growing demand for food as population increases (Ehrlich and 
Harte 2015). In October 2018, the U.S. Department of Agriculture (USDA), the U.S. 
Environmental Protection Agency (EPA), and the U.S. Food and Drug Administration 
(FDA) signed a formal agreement under the Winning on Reducing Food Waste Initiative 
to align efforts to reduce food waste and loss in the United States (Formal Agreement 
Relative to Cooperation and Coordination on Food Loss and Waste, 2018). This 
combined effort will include better education and outreach programs, volunteer 
programs, public-private partnerships, research, and policy discussion. 
 The United Nations Food and Agriculture Organization (FAO) has estimated that 
losses and waste in fruits and vegetables may reach 60%, being among the highest among 
all types of foods. As the consumer demand for more fresh, ready-to-eat foods increases, 
the amount of food waste from the fruit and vegetable industry continues to grow. The 
waste is composed of seed, skin, rind, and pomace, which can be used for a number of 
value added products with applications in food, pharmaceutical, and allied industries 
(Wadhwa et al. 2016; Sagar et al. 2018). Despite the high value of such waste, Americans 
had landfilled or incinerated over 50 million tons of compostable waste in 2015 alone 
(Bradford et al. 2019).  
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Landfilling remains the main technology for managing food waste, but this 
method results in landfill gas and leachate production with the risk of contaminating 
groundwater (Kaur et al. 2019). Landfill gas is generated from the disposal of 
biodegradable materials in landfills and is composed of 55-65% v/v methane and 40-45% 
v/v carbon dioxide (Aghdam et al. 2019). Municipal solid waste landfills are the third-
largest human-generated source of methane emissions in the United States, releasing 95.6 
million metric tons of carbon dioxide equivalent in 2018 alone (EPA 2020a). Methane is 
a potent greenhouse gas with a global warming potential 28 times that of carbon dioxide 
(Dentener et al. 2013). The gas collection efficiency of landfills range from 36-85% with 
an average of 75% (Barlaz et al. 2009; EPA 2011). Methane, however, is a valuable 
resource used to power many homes and is required to be collected by the Clean Air Act, 
but only 21.5%  landfills are held under this requirement (EPA 2020b). Only landfills 
with capacities greater than 2.5 million cubic meters are required to install a gas 
collection system and the average American landfill is only 600 acres or 740k cubic 
meters. This leaves over 2,000 landfills to continue to release landfill gasses into the 
atmosphere. Therefore, enforcing waste management practices to divert organic waste 
from the landfill is a viable alternative to reduce methane emissions and mitigate global 
climate change. 
2.4 Peach waste valorization 
 Peach processing generates waste as peels, seeds, trimmings, and water. The main 
disposal methods for peach processing are landfill (63%), liquid waste (5%), animal feed 
(17%), and other by product (15%) (Katsuyama et al. 1973, Wu et al. 2018). The peach 
stone is roughly 18% of the total fruit weight (Kaynak et al. 2005). Peach stones are 
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considered to be an agricultural waste in orchards and are most commonly sent to landfill 
(Wu et al. 2018). Currently, peach seed products in the market include cosmetic peach 
seed oil and peach seed dietary supplements. Peach seeds have been used in Chinese 
medicine to treat inflammation and allergies. In terms of industrial uses, Del Monte’s 
canning facility in Greece burns peach pits to generate steam which saves nearly 587,000 
kg of fuel oil annually (Del Monte 2014). 
The upcycling of peach waste has been explored for applications in hydrogen 
production, water purification, and boiler fuel (Rabaçal et al. 2013; Marković et al. 2015; 
Argun and Dao 2017). The feasibility of stone fruit use in materials development has 
been explored in various drupes including apricot and peach. For example, the apricot 
shell was added to an HDPE biocomposite while blended peach and apricot shell wastes 
were used for a bio-based concrete (Essabir et al. 2014; Wu et al. 2018). Despite a few 
studies available, the use of peach and apricot shells for materials production is limited 
and leaves room for opportunity. 
2.5 Biocomposites 
 A growing trend in the plastic industry is the use of natural fibers as 
reinforcement in polymer matrices to create materials termed biocomposites. Natural 
fibers used in composites are typically sourced from plants and animals. Plant fibers are 
categorized into subdivisions by their composition, such as starch-based, ligno-cellulosic, 
etc. (Figure 2.4) (Gurunathan et al. 2015). Biocomposites have been developed using 
extracted xylan from rapeseed straw in a poly(ε-caprolactone) (PCL) matrix, argan nut 
shell in a PP matrix, and sea grass (Posidonia oceanica) leaves in a poly(lactic acid) 
matrix (Svärd et al. 2018, Essabir et al. 2016, Scaffaro et al. 2011). The advantages of 
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natural fibers include low cost, biodegradability, renewability, and high availability 
(Calabia et al. 2013). The performance enhancements of biocomposites include specific 
mechanical properties and lower density, compared to the conventional glass fiber 
reinforced composites (Beigbeder et al. 2019). Silk fiber-poly(butylene succinate) (PBS) 
biocomposite material demonstrated a tensile strength and modulus improvement of 27% 
and 160%, respectively, compared to the unreinforced PBS control (Han et al. 2006). 
Biocomposite materials have applications in aerospace, automotive, construction, and 
packaging industries. The low density of biocomposites is ideal for automotive and 
aerospace applications because it would minimize vehicle mass, leading to lower vehicle 
inertia forces and less fuel burned to carry the car mass, which would have an overall 
result of reducing CO2 emissions (Fan et al. 2011). 
 
Figure 2.4: Diagram representing the various sources of natural fibers (Adapted from 
Gurunathan et al. 2015). 
Natural fibers are composed of cellulose, hemicellulose, lignin, pectin, waxes, and 
water soluble substances. Cellulose contains a large amount of hydroxyl groups capable 
of forming hydrogen bonds for crystalline packing to benefit mechanical properties of 
composites, but hydroxyl groups also impart poor interface and poor resistance to 
moisture absorption due to their hydrophilicity (Onuaguluchi and Banthia 2016). 
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Hemicellulose persists of an open structure with hydroxyl and acetyl groups, which 
makes them hydrophilic, soluble in alkali, and easily hydrolyzed in acids (John and 
Anandjiwala 2008). Lignin reduces water uptake, improves thermal stability, and 
improves fiber matrix adhesion within biopolymers (Graupner 2008; John and 
Anandjiwala 2008). 
The primary drawback of biocomposites is the poor compatibility between the 
hydrophilic natural fibers with hydrophobic polymer matrices, which leads to undesirable 
performance properties (Calabia et al. 2013). Poor composite strength results from the 
lack of stress transfer from the polymer matrix to the natural fibers (Rana et al. 1998; 
Yang et al. 2019). However, physical and chemical fiber treatments can be used to 
improve undesirable properties by improving the adhesion of natural fibers with polymer 
matrices. 
2.5.1 Fiber treatment 
2.5.1.1 Chemical treatments 
Chemical modifications aim to modify the fiber surface and increase fiber 
strength (Li et al. 2007). Alkali treatment or mercerization is one of the most common 
treatments for natural fibers. Sodium hydroxide (NaOH) is used to disrupt hydrogen 
bonds of the cellulose network to increase surface roughness, promote ionization, and 
remove some lignin, wax, and oil on the fiber surface (Li et al. 2007, 2009). The 
mercerization treatment submerges fibers in NaOH solution at specified conditions 
(concentration, temperature, time, pressure), which will depend on the lignin and its 
source. Previous treatment conditions used include 2% alkali solution for 90 seconds at 
200°C and 5% alkali solution for up to 2-72 hours at room temperature to treat sisal and 
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hemp fibers, respectively (Garcia-Jaldon et al. 1998; Mishra et al. 2001). Alkaline 
treatment has two major effects: (1) increasing surface roughness for enhanced 
mechanical interlocking and (2) increasing cellulose exposure to increase the number of 
reaction sites. Alkaline treatment has been found to give a 30% increase in tensile 
properties (Valadez-Gonzalez et al. 1999; Van de Weyenberg et al. 2003). 
Acetylation is an esterification reaction that introduces an acetyl group 
(𝐶𝐻"C𝑂𝑂#) to an organic compound (cellulose fibers) and causes plasticization. The 
reaction substitutes hydroxyl groups of the cellulose fibers with acetyl groups to modify 
polymer properties so they become hydrophobic (Hill et al. 1998). Acetylation can also 
increase surface roughness for better interlocking to increase dimensional and thermal 
stability (Li et al. 2007). The acetylation process involves alkaline treatment followed by 
acetylation. Raw sisal fibers were treated in 18% NaOH solution, glacial acetic acid 
solution, and finally acetic anhydride with one drop of concentrated 𝐻!𝑆𝑂$ for 1 hour and 
resulted in enhanced adhesion with a polystyrene matrix and higher thermal stability 
(Manikandan Nair et al. 2001). 
 Coupling agents are described as a class of adhesives used to bond polymers with 
fibers and fillers (DeArmitt and Rothon 2017). Coupling agents modify both the fiber 
surface and polymer matrix to enhance interfacial bonding and improve mechanical 
properties in composites (Gassan and Bledzki 1997). The bonded interfaces may also 
reduce water absorption giving improved property retention and electrical stability under 
wet conditions (DeArmitt and Rothon 2017).  
MAH is one of the most popular and most efficient coupling agents for starch-
containing composites with both biodegradable and non-biodegradable polymer matrices 
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(Jiang and Zhang 2017). The success of MAH in industry is attributed to MAH’s ability 
(1) to be readily grafted onto polyolefins, (2) to be economically produced, and (3) to 
impart relatively high performing mechanical properties (Keener et al. 2004). Coupling 
agents composed of grafted MAH can increase mechanical properties up to 40% with an 
optimized coupling agent-fiber surface ratio (Endres et al. 2006). 
The grafting reaction can be carried out in solution or in the molten state, however 
the low cost and process feasibility of melt mixing deems it as the preferred method 
(Rzayev 2011). The process of grafting MAH onto a polyolefin involves a reaction 
between the polymer melt with MAH in the presence of organic peroxides (Figure 2.5). 
The peroxides’ weak O-O bonds break to produce free radicals in the form of RO* (the 
asterisk represents an unpaired electron). The radical attracts hydrogen atoms from the 
polyolefin chain forming a macroradical initiating the grafting process. Following, MAH 
monomers bond to the macroradical to form the functionalized polyolefin. The 
occurrence of a β-scission reaction is argued to take place after functionalization. Studies 
have found evidence of extensive β-scission after MAH grafts on to tertiary carbons as it 
causes a decrease in molecular weight with increasing MAH initial concentration (Zhang 
et al. 2005). 
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Figure 2.5: Scheme diagram of PE grafted with MAH (Adapted from Zhang et al. 2017). 
Optimizing the grafting process involves several variables such as type and 
concentration of peroxide and MAH, reaction time and temperature, rotor speed, addition 
sequence of reagents, and the presence or lack of stabilizers. Peroxides of low volatility 
and good solubility with the polyolefin melt are selected to promote macroradical 
production and prevent radical decomposition (Passaglia et al. 2009). Melt reactions 
typically occur in a mixer at 180-240°C. Co-rotating extruders have shown to be more 
successful than counter-rotating extruders because of the enhanced temperature control 
and mixing operation (Kim and White 1995). The chemical and physical properties of 
coupling agent-grafted-polymers vary with manufacturer and resin application (Table 
2.3). 
Table 2.3: Coupling agent properties (Excerpted from Correa et al. 2007) 
Coupling 
Agent 
Material 
Code Manufacturer 
MAH 
(%) 
Mn 
(g/mol) 
Mw 
(g/mol) 
Polydispersity 
Mn / Mw 
Orevac® CA-100 Atofina 1.0 8822 94328 10.7 
Polybond
® PB-3200 Crompton 2.5 12308 97456 7.9 
Epolene® E-43 Eastman 3.7 1775 20171 11.4 
Epolene® G-3003 Eastman 0.8 8031 84400 10.5 
 
 The coupling mechanism between natural fiber and maleic anhydride is not 
clearly understood yet, however previous research has hypothesized potential bonding 
mechanisms (Figure 2.6). Literature suggests that an esterification reaction and H-bond 
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interactions may take place at the interface of the natural fiber and compatibilized 
polymer. 
 
Figure 2.6: Potential mechanism bonding interactions between cellulose and MAH-g-PE 
(Adapted from Correa et al. 2007; Hermawan et al. 2017). 
2.5.1.2 Physical treatments 
 Physical treatments, such as plasma and heat treatment, aim to (1) remove surface 
contamination and create a low energy-interface between dissimilar materials and (2) 
roughen the fiber surface to enhance the contact area and facilitate mechanical 
interlocking (Mukhopadhyay and Fangueiro 2009; Venkatachalam et al. 2016). The 
simplest physical treatment is a heat treatment with optimized temperature, time, and 
atmosphere conditions to reduce fiber moisture content and increase cellulose 
crystallinity to improve tensile and flexural strength (Rong et al. 2001). Plasma treatment 
bombards a substrate with electrical currents and magnetic fields causing electrons to 
collide and chemical bonds to break on the material’s surface, which ultimately results in 
surface chemistry and topography changes (Roy Choudhury 2017). Plasma treated jute 
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fibers exhibited higher hydrophobicity likely due to fiber oxidation or a decrease in 
phenolic and secondary alcohol groups and a 14% increase in flexural strength due to 
new bond formations (Sinha and Panigrahi 2009). Recent interests in eco-friendly fiber 
treatments have led to innovative methods using enzymes and fungi, which are found to 
be economical, require less energy, improve fiber thermal stability, and are selective 
towards pectin and hemicellulose removal (Pickering et al. 2007; George et al. 2014; 
Väisänen et al. 2018).  
2.5.2 Fiber characteristics 
 Fillers are materials added to resins to improve specific properties and decrease 
product cost. There are inherent differences in physical and chemical structures between 
fillers that influence their compatibility with polymer matrices (Table 2.4). For the 
application of biocomposites, fillers are bio-based and are sourced from a variety of 
plants, animals, or minerals. Many countries have banned the use of minerals due to 
associated health issues and animal fibers generally possess weaker strengths and 
stiffness compared to plant fibers, therefore plant fibers are the preferred choice of 
alternative filler (Pickering et al. 2016).  
Fiber geometry is one of the most important factors of composite materials that 
influence mechanical properties. Industry prefers a particle size <300μm because it has 
been found to increase tensile modulus by creating strong interfacial bonding between the 
fiber, coupling agent, and polymer matrix (Nourbakhsh et al. 2010). Studies have 
established that there is a positive relationship between composite strength and fiber 
length, however the increase in strength remains unchanged after the fiber length has 
reached a certain level for both synthetic and bio-based fillers (Miwa and Horiba 1994; 
 22 
Bledzki et al. 2015). A study of four different natural fiber composites resulted in 
composites with different mechanical properties likely due to varying fiber height to 
width ratios (called the aspect ratio), fiber thicknesses, and cellulose microfibril 
alignment (Bledzki et al. 2015). Higher aspect ratios positively affected composite 
strength and heat deflection temperature due to better matrix-fiber stress transfer and 
interface strength, respectively. Additionally, thicker fibers were found to absorb more 
impact energy, which increased fracture toughness (Fu and Lauke 1997). For example, a 
metal matrix determined that a braided metal was able to absorb more energy than 
unidirectionally laminated metal because of the thickness reinforcement of the braided 
structure which limited matrix cracks and bends (Lee 1993). 
Table 2.4: Dimensions of common fibers (Excerpted from Rowell et al. 1997). 
Fiber Average Length (mm) 
Width 
(mm) 
Cotton 10-60 0.02 
Flax 5-60 0.012-0.027 
Hemp 5-55 0.025-0.050 
Bamboo 1.5-4 0.025-0.040 
Cereal Straw 1-3.4 0.023 
Jute 1.5-5 0.02 
Deciduous Wood 1-1.8 0.03 
Coniferous Wood 3.5-5 0.025 
 
The critical fiber length (Lc) is the minimum length at which fibers can carry their 
maximum load (Eq. 2.1). This critical length is dependent on the fiber strength (𝜎%∗) and 
diameter (d) and on the fiber–matrix bond strength (𝜏') (Callister 2006). Fibers must be 
greater than their critical fiber length to impart a significant improvement of a composite. 
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 𝐿' = 𝜎%∗𝑑2𝜏'  (2.1)  
Fibers have lower decomposition temperatures than polyolefins, but still generally 
impart enhanced thermal stability in composites. Hemicellulose and cellulose are the least 
thermally stable and decompose between 150-350°C and 275-350°C, respectively. Lignin 
decomposes between 250-500° (Yang et al. 2005). Lignin may increase thermal stability 
due to its hydroxyl groups which may improve the stability of aromatic structures of its 
complex phenylpropanoid unit (Ghozali et al. 2017). Additionally, lignin’s structure 
contributes less flammability due to high char ability, which is the ability to partially burn 
or blacken the surface. Therefore, as lignin content increases, the amount of thermal 
residue increases.  
2.5.3 Biocomposite matrices 
Biocomposites can be constructed with petroleum-based or bio-based polymers. 
Biopolymers are plastics produced from petroleum-based or renewable biomass sources, 
and may be triggered biodegradable. Poly(lactic acid) (PLA) is identified as the most 
reliable bio-based alternative to conventional plastics and other biopolymers due to 
promising thermal and mechanical properties similar to PET and PP, respectively 
(Barletta et al. 2017). Cellulose fiber enforced PLA displayed significantly higher tensile 
strength and Young’s modulus compared to PP-based composite likely because of the 
less hydrophobic character of PLA, which allows for better fiber-matrix adhesion 
(Graupner and Müssig 2017). However, PLA is considered expensive and its physical 
properties such as brittleness limits its applications only to specialty fields, such as 
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biomedical solutions in resorbable materials and surgical implants (Barletta et al. 2017; 
Dinh Vu et al. 2018).  
Among the polyolefins, polypropylene (PP) and PE are the most produced and 
consumed (Gopanna et al. 2019). The industry favors synthetic polymers because of their 
highly desirable properties, such as strength, flexibility, and chemical resistance 
(Nagalakshmaiah et al. 2019). PP and PE are widely used to manufacture industrial and 
household items, especially as a matrix material in composites, due to their low cost, 
design flexibility, and recyclability (Drzal et al. 2001; Dinh Vu et al. 2018). Several 
advantages of PP include transparency, dimensional stability, and its suitability for 
filling, reinforcing, and blending (Amir et al. 2017). PE is extensively used for both 
nonstructural and structural applications and may be used for its toughness, low 
coefficient of friction, and low electrical conductivity (Mansor et al. 2018; Gopanna et al. 
2019).  
2.6 Biocomposite preparation 
 Biocomposites can be manufactured with the same technology as conventional 
plastic. Plastic manufacturing involves the conversion of solid plastic granules into a melt 
via extrusion. An extruder uses heat, shear, and pressure to melt the solid granules into a 
molten state for the next step of processing. The parts of an extruder include hopper, 
barrel, thermocouples, screw, and die (Figure 2.6). The hopper stores and feeds plastic 
granules as it travels into the barrel. The barrel, the main body of the extruder, is an 
externally heated hollow tube. The barrel typically has a temperature profile of increasing 
temperature zones monitored by thermocouples. The screw is the main working part of 
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the extruder housed inside the barrel. The helical channels of the screw melt and convey 
the plastic.  
 
Figure 2.7: Schematic of a single-screw extruder (Adapted from Altınkaynak 2010). 
The screw is divided into three sections: feed, compression, and meter. A standard 
screw design can be altered by changing the following features: length/diameter (L/D) 
ratio and compression ratio. 
The L/D ratio is the ratio of the screw length to its outside diameter. L/D ratio 
ranges from 18:1 to 32:1, with 24:1 as the most common. As L/D ratio increases, 
residence time, shear, heat uniformity, and mixing increase (Painter and Coleman 2008). 
While the feed section controls the flow of resin through the barrel, the compression 
section is designed with an increase in screw diameter to build pressure and shear on the 
plastic as it is forced against the barrel wall. The combination of applied external heat and 
frictional heat causes the plastic to soften and melt. Screw compression is quantified by 
the compression ratio, the feed channel volume to meter channel volume ratio, which 
ranges from 2:1 to 4:1. As the compression ratio increases, shear and heat uniformity 
increase, but this heightens the potential to stress the polymer chains (Painter and 
Coleman 2008). The metering section delivers the molten polymer to the extruder die, 
which determines the profile of the gob of molten polymer. The pressure of the molten 
plastic before it enters the die ranges from 1000-5000 psi. The temperature zones and 
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screw speed of the extruder is dependent upon the melt properties of the material (Table 
2.5).  
Table 2.5: Processing temperatures for common plastics. (Adapted from Selke and Culter 
2016). 
Polymer Processing Temperature (°C) 
High Density Polyethylene 200-280 
Low Density Polyethylene 150-315 
Linear Low Density Polyethylene 190-250 
Polypropylene 205-300 
Polystyrene 180-260 
Polyvinyl Chloride 180-260 
Ethylene Vinyl Alcohol 160-210 
 
Extruders are categorized into single or multi-screw extruders. Single screw 
extruders are the most commonly used extruder machines because of their simple design, 
ruggedness, and performance to cost ratio (Drobny 2014). Single screw extruders are 
primarily used for pumping, conveying, and forming polymeric melts. Compared to 
single screw extruders, twin screw extruders are more efficient in mixing ingredients 
such as additives, fillers, and liquids (Shrivastava 2018). Twin screw extruders are 
commonly used for biocomposite preparation for its good dispersion, however 
productivity decreases with fiber content because polymer fluidity decreases (Tanaka and 
Ito 2013). The most suitable machine for composite processing is dependent on the 
formulation, desired quality, and allowed costs. The mixing efficacy of single screw 
extruders can be improved with design modifications, but it will not be as effective as 
twin screw extruders. Supercritical CO2 has been utilized as a mixing aid in clay-PP 
nanocomposite for single screw extrusion processing. Although the super critical CO2 
provided better clay exfoliation and dispersion, conventional twin screw extrusion 
without supercritical CO2 still provided higher shear and better mixing of clay in the 
polymer matrix (Treece and Oberhauser 2007). 
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Once the biocomposite polymeric melt has been thoroughly melted and mixed via 
extrusion, the melt is cooled and pelletized and ready for further processing. Two 
commonly used processes for biocomposite manufacturing are compression molding and 
injection molding. Compression molding is accomplished by placing plastic granules into 
a mold to be formed using heat and pressure. A typical compression molding process is 
performed at a melting temperature of 350°F and pressure of 100 psi with a curing time 
of 3 minutes. Whereas injection molding is performed by injecting molten plastic into a 
mold. Successful injection molding requires specific melt temperature to ensure proper 
processing viscosity and pressure to prevent flashing. 
There is a complex relationship between processing method, fiber loading, and 
fiber orientation on biocomposite mechanical properties. It has been concluded that with 
sufficient fiber length and elimination of voids would result in higher strength values of 
injection molded composites compared to compression molded composites due to 
enhanced fiber wettability, which results in better fiber/matrix adhesion (Graupner et al. 
2016). 
2.7 Instrumental analysis of polymers 
 The properties and characteristics of polymers are determined using standardized 
test methods by organizations such as the American Society for Testing and Materials 
(ASTM). ASTM methods measure mechanical and thermal properties, as well as to 
characterize the physical structure for materials and products. These analyses are used to 
both predict and evaluate performance. 
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2.7.1 Mechanical properties 
 Mechanical properties are physical properties that a material exhibits upon the 
application of forces. Tensile properties are measured using a Universal Testing Machine, 
which applies a constant rate of deformation using a load cell to measure and record the 
force required to cause deformation. Tensile testing produces a stress-strain curve, 
graphing the increase in length divided by the original length (strain) on the x-axis and 
the tensile load divided by the cross sectional area (stress) on the y-axis (Figure 2.7). 
Materials can be characterized as tough, brittle, hard, and soft depending on their 
mechanical properties (Table 2.6).  
 
Figure 2.8: Typical stress-strain curve from tensile testing 
The first stage of the stress strain is the linear elastic portion where the material 
exhibits an initial linear relationship between stress and strain. The slope of the linear 
portion of the stress-strain curve is known as Young’s modulus. An increase in Young’s 
modulus indicates that a higher amount of stress is required for a given amount of strain, 
which suggests the material is more rigid and has a higher resistance to bend or flexural 
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modulus. The elastic limit is the last point at which when applied stress is removed, the 
material returns to its original dimensions. After the elastic limit, the strain hardening 
stage begins with the yield point, the point at which the material will undergo permanent 
deformation when applied stress is removed. The ultimate strength and ultimate 
elongation are the highest stress the material can withstand before rupture and the strain 
at its break point, respectively. The region between the ultimate strength and fracture is 
the necking stage, which is identified when the local cross-sectional area becomes 
significantly smaller than the average. 
Table 2.6: General characteristics of polymers according to their mechanical properties 
(Adapted from Selke and Culter 2016). 
Type of Polymer Elastic Modulus Yield Stress 
Ultimate 
Strength 
Elongation at 
Break 
Soft and weak Low Low Low Moderate 
Soft and tough Low Low Moderate High 
Brittle and hard High - Moderate Low 
Hard and strong High High High Moderate 
Hard and tough High High High High 
 
2.7.2 Water absorption properties  
Moisture absorption is the capacity of a polymer to absorb moisture from its 
environment. There are three mechanisms of water diffusion in polymeric composites 
(Dhakal et al. 2007). In the first mechanism water diffuses in between the micro gaps of 
polymer chains. The second mechanism involves the capillary transport of water into the 
gaps between fiber and matrix. The last mechanism is the transport of microcracks in the 
matrix due to fiber swelling. Absorbed water may affect materials’ dimensions and mass 
and can extract water-soluble components, which results in a degradation of mechanical 
properties (Yang et al. 2006). 
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2.7.3 Physical structure  
Microscopy is used to understand polymer topography and morphology. For 
example, the instrument can observe crystal growth and filler dispersion and can be used 
to understand structure-property relationships. Scanning electron microscopy (SEM) uses 
a low energy electron beam to scan the surface of the polymer. A variety of interactions 
between the electrons and sample are detected and processed. The three types of emitted 
signals are: secondary electrons, backscattered electrons, and characteristic x-rays. This 
information forms images of the material’s microstructure and morphology.  
2.7.4 Thermal properties 
 Thermal properties refer the behavior of materials in the presence of heat. 
Thermal stability is an important quality that affects the final quality and application of 
the material. For example, materials that require high heat stability are car dashboards 
and bathroom interiors. Thermal analyses provide fundamental information on molecular 
structure, crystallinity, and composition. Three crucial thermal analyses are 
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and dynamic 
mechanical analysis (DMA). TGA continuously measures the mass of a sample over time 
as the temperature increases. The thermal property information collected from TGA 
includes water content, composition, and thermal degradation profile. DSC measures the 
heat flow through the sample compared to a reference to identify thermal transitions such 
as glass transition, melting, and crystallization. On a DSC curve, the glass transition 
temperature (Tg), crystallization temperature (Tc), and melting temperature (Tm) are 
represented by a step change, a big peak, and a big drop, respectively (Figure 2.9). 
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Figure 2.9: Example of a differential scanning calorimetry curve 
2.8 Environmental issues of plastics 
 Plastic material is an integral part of our daily lives with an annual production of 
>380 million tons worldwide in 2015 (Ritchie and Roser 2018). Since its beginning in the 
early 1900’s, plastics have been favored over natural materials because it is 
comparatively affordable and resistant to rot, chemicals, and deformation (Crespy et al. 
2008). Plastic is an essential material across industries from consumer goods, food 
retailing, construction, transportation, textiles, among others. As the profits for chemical, 
oil, and plastic manufacturing rise, so does the volume and consumption of plastic around 
the world (Dauvergne 2018). In 2015, the United States generated 34.5 million tons of 
plastic and accounted for 13.1% of municipal solid waste (EPA 2019). The recycling rate 
in 2015 was 9.1% and 15.5% of plastic was combusted for energy recovery, however a 
large majority (75.4%) of plastic was landfilled (EPA 2019).   
Tg 
Tc 
Tm 
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Figure 2.10: Municipal solid waste management in the United States (Adapted from EPA 
2020c). 
Plastics are becoming an environmental issue as commercial packaging is not 
biodegradable because of their high molecular weights and rigid structures which are not 
appropriate for organismal digestion, and because many plastics contain substituents that 
prevent biodegradation via the enzymatic fatty acid oxidation method (Klemchuk 1990). 
There is an estimated 150 million tons of plastic accumulated in the world’s oceans and 
this number is expected to reach 250 million tons by 2025 (Jambeck et al. 2015). Plastic 
pollution raises issues effecting not only marine life but also food security, food safety, 
and human health (Gall and Thompson 2015; Eagle et al. 2016; Barboza et al. 2018; 
Dauvergne 2018). There is a growing global initiative towards reducing disposable 
plastics and transitioning towards a circular economy for plastic. In 2017, six major 
international companies pledged to “use 100% reusable, recyclable, or compostable 
packaging by 2025” and by late 2018 over 350 organizations signed up for this global 
commitment to eliminate plastic waste and pollution (EMAF 2018). This global initiative 
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has directed research towards improvements and innovations in green materials made 
from sustainable resources.  
2.8.1 Biocomposite waste management 
Bioplastics and biocomposites research has been done to create cost-effective, 
eco-friendly materials, however the introduction of these “green materials” introduced 
new issues regarding end of life solutions. Questions were raised concerning the risk of 
contamination, cost of separation, technical feasibility, and impact on recycled material 
quality without jeopardizing the current recycling system (Soroudi and Jakubowicz 
2013). Currently, there are three methods of recycling for biocomposites: (1) mechanical 
recycling, (2) chemical recycling, and (3) thermal processing (Yang et al. 2012). 
Mechanical recycling, the most successful recycling method, remelts and remolds 
biocomposites through multiple extrusion and/or injection cycles. Mechanical recycling 
is favored for its ease of processing and parametric control (Badia et al. 2012). Chemical 
recycling dissolves the polymer matrix and separates the fibers from the matrix, while 
thermal processing recovers energy through incineration.  
 Sisal fiber biocomposites with a fiber loading of 30 wt% were successfully 
produced and mechanically recycled for several extrusion/injection cycles (Bourmaud 
and Baley 2007; Chaitanya et al. 2019). The tensile and flexural strength of the recycled 
sisal fiber-PLA biocomposites decreased by 20.9% and 21.2% respectively, up to the 
third recycle, beyond which a significant reduction was observed. The biocomposites also 
experienced a decrease in viscosity and glass transition temperature indicating chain 
scission and hydrolytic degradation. The recycling analyses suggested that the recycling 
process does not show a significant effect on the mechanical properties of the 
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biocomposites up to three cycles, which makes the recycled materials acceptable for low 
to medium-strength nonstructural applications.  
 Overall, recycling biocomposites while still conserving its mechanical properties 
are successful up to several reprocessing cycles. Multiple cycles may even enhance the 
interfacial adhesion between fillers and matrix, resulting in a reported increase in thermal 
stability in the reprocessed biocomposites (Beg and Pickering 2007). However, 
degradation will occur from repeated recycling cycles for reasons such as fiber length 
reduction and plastic polymer chain scission, which causes molecular weight to decrease 
and crystallinity to increase (Vilaplana et al. 2010). 
 The remaining waste-management practices include composting, incineration, and 
landfill. However, a Life Cycle Analysis (LCA) examining end of life scenarios for wood 
flour-PP and flax fiber-PLA biocomposites concluded that recycling is the most preferred 
scenario to avoid environmental impact because recycling reduces material production 
(Beigbeder et al. 2019). Composting is only feasibly if the composite contains a 
biodegradable polymer, but is still a viable option for eco-friendly waste management. 
Incineration and landfill are harmful to the environment with relatively high impacts on 
climate change, human toxicity, and freshwater ecotoxicity, with landfilling having a 
larger impact in each category. It is understood that current biocomposite recycling data 
is collected in polymer labs, and enhanced quality and reliable data is necessary to have a 
higher degree of credibility in the LCA results (Mansor et al. 2015). Although, the 
current waste stream of biocomposites is relatively small and has no effect on current 
recycling methods (Karpenja et al. 2013). In the future, the amount of green materials in 
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the waste stream may grow and will require further research to examine its effect on 
recycling. 
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CHAPTER  3 – MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Peach flour 
The peach stones were sourced from Del Monte Foods, Inc., a fruit processing 
facility located in Stanislaus, California and came from Prunus peaches harvested 
summer 2017. The peach stones were stored in the dark at refrigeration temperature until 
further processing.  
Whole peach stones (endocarp and seed) were processed into flour using two 
different machines: a W Series Laboratory Scale Hammer Mill (Schutte Buffalo, SN: 6 
08 0088) equipped with a dust collector (DCS370, Powertec, Waukegan, IL) and a 
Country Living Grain Mill equipped with a gearmotor (CM32D25VZ2A, Leeson, 
Orange, CA). Preliminary formulations contained peach stones processed with the 
hammer mill, whereas DOE formulations contained peach stones processed with the 
grain mill due to equipment complications. The hammer-milled peach stones were 
processed using mesh screen sizes 3/4", 1/8”, and 0.027” at 27-32 rotations per minute 
(rpm). The grain-milled peach stones were processed at maximum fineness at roughly 80 
rpm (Figure 3.1). Regardless of how the flour was obtained, the peach flour (PF) was 
sieved through a pore size of 250 microns. The peach flour was stored in the dark at 
refrigeration temperature until further processing. 
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(a)       (b)  
Figure 3.1: Peach stones (a) pre-mill and (b) post-mill processing. 
3.1.2 Plastic polymer resin 
HDPE resin with a melt flow index of 0.085 g/min and density of 962 kg/m3 was 
sourced from Dow Chemical Company (Elite 5960G, Midland, Missouri). PP resin was 
sourced from INEOS (League City, Texas). The coupling agent used in this work was 
MAH-g-HDPE Amplify GR 204 with a melt flow index of 12 g/min and density of 950 
kg/m3 supplied by Dow Chemical Company (GMID: 258420, Batch: D381HBORV, 
Midland, Missouri).  
3.2 Proximate analysis of peach flour 
The PF was dried in a convection oven (Despatch, Minneapolis, Minnesota) at 
75°C for at least 16 hours prior to proximate analysis. Particle size of the ground peach 
pits was determined using a particle size analyzer (Coulter Particle Characterization 
LS230, ID: 29597, Indianapolis, ID). Moisture content of the PF was determined using a 
Q50 thermogravimetric analyzer (TA Instruments, SN: 0050-1879, New Castle, 
Delaware) by heating approximately 5 mg of sample to 600°C at a rate of 10°C/min. Ash 
content was determined using a muffle furnace (Barnstead International, Model: F62735, 
SN: 1276040267170, Dubuque, Iowa), which heated 5 g of sample to 600°C 
(McClements 2003). Ash content was calculated using Eq. 3.1. 
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%𝐴𝑠ℎ	(𝐷𝑟𝑦	𝐵𝑎𝑠𝑖𝑠) 	= 	𝑀()*𝑀+,- 	𝑥	100 (3.1) 
 Where: 𝑀()*= Mass of ashed sample in grams. 𝑀+,-= Mass of original dried sample in grams. 
 
Kjeldahl nitrogen was measured using a modified Kjeldahl method with a Kjeltec 
8200 (FOSS, Eden Prairie, Minnesota) (Kjeldahl 1883). A ~1.0g sample of dried PF was 
added to a Kjeldahl tube with 2 Kjeltabs Cu catalyst tablets and 12ml of concentrated 
H2SO4. The exhaust manifold was placed on the tubes, which were then placed on the 
pre-heated block. The tubes were digested at 420°C for 60 minutes. After digestion, the 
tubes were moved off the manifold to cool to less than 100°C. Next, the sample goes 
through automated distillation with 50ml 40% w/v sodium hydroxide (NaOH) and 30ml 
boric acid (H3BO4). Finally, titrations were performed on the receiving solution and 
distilled PF samples with standard 0.10N hydrochloric acid (HCl) to a violet end-point. 
Kjeldahl nitrogen was calculated using Equation 3.2 with a factor value of 6.25. 
 %𝐾𝑗𝑒𝑙𝑑𝑎𝑙	𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛	 = 	 (𝑉) − 𝑉.)	𝑥	𝐶	𝑥	1.4007𝑊  (3.2) 
 
 Where: 𝑉)= mL of standardized acid used to titrate sample. 𝑉.= mL of standardized acid used to titrate reagent blank. 
C= Concentration in moles/L of the HCl solution used for titration. 
W = Weight of sample in grams. 
 
Lipid content was determined using a modified Soxhlet method with a Soxtec 
2043 (FOSS, Eden Prairie, Minnesota) (AOAC 2000). A 2-3g sample of dried PF was 
placed in a dried cellulose thimble, which were placed on the condenser valve. Extraction 
cups with 30ml petroleum ether was clamped into the condensers. Next the automated 
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machine distilled the sample. After a 1 hour extraction, the extraction cups were cooled 
and weighed. Lipid content was measured using Equation 3.3. 
 %𝐹𝑎𝑡	 = 	𝑊" −𝑊!𝑊/  (3.3) 
Where: 𝑊/= Sample weight in grams. 𝑊!= Extraction cup weight in grams. 𝑊"= Extraction cup + residue weight in grams. 
 
Fiber analysis was done on the dried PF following the Van Soest method (Van 
Soest et al. 1991). Amylase neutral detergent fiber (aNDF) and acid detergent fiber 
(ADF) analyses were performed sequentially. Hemicellulose and cellulose contents were 
expressed as the difference of aNDF and ADF. Berzelius beakers (600 mL) containing 
0.5 g of sample and 200 mL neutral detergent solution (Ankom, Macedon, New York) 
were refluxed, boiled and the vapors were re-condensed into the liquor, using a Labconco 
crude fiber apparatus (Kansas City, Missouri) for 5 min before 2 mL of heat stable α-
amylase was added. After the α-amylase addition, the contents of the beaker were 
refluxed for an additional 60 min. The NDF solution and residue were vacuum filtered 
into a fritted crucible (50 mL, coarse porosity, 40-60 μm). When the only residue was left 
in the crucible, 50 mL of boiling deionized (DI) water and 2 mL of α-amylase were added 
and allowed to set for 1 min before being filtered. The samples were then soaked in 30 
mL of acetone before being filtered. After being filtered, the crucible was once again 
soaked in 30 mL of acetone and filtered once again. The crucibles were placed under a 
fume hood overnight and then placed in a 105 °C drying oven (Blue M, Blue Island, 
Illinois) for 24 h before ADF analysis. The only modifications for the ADF procedure 
were that α-amylase was not used, and the neutral detergent solution was replaced with 
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acid detergent solution. The samples were then dried for 24 h at 105 °C. aNDF% and 
ADF% were calculated using Eq 3.4 and 3.5, respectively. 
 𝑎𝑁𝐷𝐹% = 𝑊" −𝑊/𝑊!𝑥 𝐿𝑎𝑏	%𝐷𝑀100 	𝑥	100 (3.4) 𝐴𝐷𝐹% = 𝑊$ −𝑊/𝑊!𝑥 𝐿𝑎𝑏	%𝐷𝑀100 	𝑥	100 (3.5) 
Where: 
  𝑊/= Mass of crucible in grams. 𝑊!= Mass of sample in grams. 
  𝑊"= Mass of crucible + aNDF residue in grams. 
  𝑊$= Mass of crucible + ADF residue in grams. 
3.3 Biocomposite preparation 
Various biocomposites were created with different PF loadings, compatibilizer 
resin (CR) concentrations, and polyolefin matrices. The PF, CR, and polymer resin were 
fed into a C. W. Brabender twin screw extruder (Type: 15-47-000, SN: CO8-147/B, 
Hackensack, New Jersey) at a rotary speed of 70 rpm with temperature zones at 151, 170, 
and 180°C for HDPE and 171, 190, and 200°C for PP. As the gobs were extruded, they 
were manually flattened and collected into a bucket. The gobs were cooled to room 
temperature at ambient conditions then pelletized using a granulator (Ball and Jewell-
Sterlco, Model: G68, SN: 96H0064, Milwaukee, Wisconsin) with a mesh screen size of 
¼ inch.  
Modification for the masterbatch process was that the PF-polyolefin biocomposite 
granules were passed through the twin screw extruder for a second time under the same 
conditions. The gobs were again flattened, cooled, and pelletized.  
The granules were converted into a film using a compression molder 
(PhiHydraulics, Model: B354H-X1-4A-6-8-14, SN: 90-9-017, City of Industry, 
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California). The granules were spread evenly on curing paper and placed between two 
aluminum plates (Figure 3.2). The granules were then pressed at 171°C and 25-30 tons of 
pressure for 60 seconds (Figure 3.3). The film was kept between the curing paper until it 
was cool to the touch, then it was removed from the paper and cooled to room 
temperature. The films were stored and conditioned in a Darwin Chamber (Model: PH09-
DA, SN: 12171895, St. Louis, Missouri) at 25°C and 50% RH for 24 hours prior to 
instrumental analysis. 
(a)             (b)  
Figure 3.2: Peach flour -high-density polyethylene biocomposite granules (a) spread on 
curing paper and (b) placed in between two aluminum plates 
 
Figure 3.3: Peach flour -high-density polyethylene biocomposites post-compression 
molding process 
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3.4 Preliminary experiments for design of experiment 
 The goal of the preliminary experiment was to determine factor levels for the 
design of experiment. Preliminary formulations were done with increasing PF and CR 
concentrations (Table 3.1). Preliminary experiments were performed in preparation for a 
design of experiment (DOE) (1) to narrow PF and CR concentration ranges and (2) to 
determine whether single or masterbatch processing produced stronger biocomposite. 
Preliminary levels of PF were based on previous natural fiber-filled biocomposite studies 
(Kaboorani 2010; Ayrilmis et al. 2011; Banat 2019). The preliminary CR levels were 
according to the recommended usage level of Amplify GR 204. 
Table 3.1: Preliminary formulations of peach flour -high-density polyethylene 
biocomposites 
Composition Code % HDPE % MAH-g-HDPE % Peach Flour 
SB 0 95 0 5 
SB 1 94 1 5 
SB 3 92 3 5 
SB 5 90 5 5 
SB 10 85 10 5 
SB 15 80 15 5 
SB 17 78 17 5 
MB 0 95 0 5 
MB 1 94 1 5 
MB 3 92 3 5 
MB 5 90 5 5 
MB 10 85 10 5 
PF 10 77 15.3 7.7 
PF 20 62.5 25 12.5 
PF 30 52.7 31.5 15.8 
PF 40 45.4 36.4 18.2 
PF 50 40 40 20 
A formulation processed through the extruder once was labeled as Single Batch (SB) and 
a formulation processed twice was labeled as Masterbatch (MB). 
 
3.5 Response surface methodology to optimize biocomposite formulation 
Response surface methodology was used to optimize the biocomposites 
formulations for maximum tensile strength. The DOE was developed using JMP 14.0 
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(SAS Institute, Cary, North Carolina). Three variables were selected for the central 
composite design (CCD): PF loading, CR concentration, and polyolefin matrix. The 
levels of PF and CR were based on the preliminary experiments. The DOE consisted of 
two identical designs of 15 runs, each with replicates at the high and low levels (Table 
3.2). The extremes were replicated rather than the center point to offset variability at 
those levels. The difference between the designs was the polyolefin matrix, one design 
used PP and the other used HDPE. Additionally, the run order of each design was 
randomized to account for environmental variability and experimental bias. 
Table 3.2: Peach flour -polyolefin biocomposite compositions 
Code 
PP- or PE- % PF % CR 
% PP or 
PE 
1 2.5 5 92.5 
2 2.5 5 92.5 
3 5 5 90 
4 10 5 85 
5 10 5 85 
6 10 5 85 
7 2.5 10 87.5 
8 5 10 85 
9 10 10 80 
10 2.5 20 77.5 
11 2.5 20 77.5 
12 5 20 75 
13 10 20 70 
14 10 20 70 
15 10 20 70 
 
3.6 Instrumental analysis 
3.6.1. Mechanical property analysis using a universal testing machine 
The thickness of the film was measured using a micrometer (Messmer Buchel, 
SN: 103012-01, New Castle, Delaware). Film samples were cut into 1 inch x ~5 inch 
rectangles using a precision sample cutter (JDC, Model: 25, SN: 29323, Philadelphia, 
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Pennsylvania) for mechanical performance testing and analyzed with a universal testing 
machine (Testometric, M350-5, Rochdale, England). Both ends of the rectangles were 
wrapped in laboratory tape (Figure 3.4). Tensile testing was performed to measure the 
force required to rupture the material. Tensile testing followed ASTM D882 with a 
crosshead speed of 25 in/min and 500 kg load (Testometric, 26100, Rochdale, England). 
 
Figure 3.4: Peach flour -high-density polyethylene biocomposite samples for tensile 
testing 
3.6.2 Thermal property analysis using thermogravimetric analyzer and differential 
scanning calorimeter 
Thermal degradation profiles of the PF and biocomposites were determined using 
a Q50 thermogravimetric analyzer (TA Instruments, SN: 0050-1879, New Castle, 
Delaware) by heating approximately 5-6 mg of sample to 600°C at a rate of 10°C/min. 
This measurement provided information about moisture content, degradation 
temperature, and composition.  
Differential Scanning Calorimetry (DSC) analysis was carried out using a TA 
Instrument, DSC Q 2000 (SN: 2000-2991, New Castle, Delaware) equipped with a 
Refrigerated Cooling System 90 (SN: RCS91-5002) on a 5–6 mg sample. Each sample 
was scanned using a “Heat, Cool, Heat” procedure under a nitrogen atmosphere (Table 
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3.3). DSC was used to study thermal transitions and phase changes such as melting, 
crystallization, and glass transition temperatures.  
Table 3.3: Differential scanning calorimetry heating procedure 
Cycle Ramp Rate (° C/min) Temperatures (° C) 
1 10 Heat from 25 - 200 
2 10 Cool from 200 - -90 
3 10 Heat from -90 - 200 
 
Crystallinity was calculated using equation 3.1 where ∆𝐻012 is the experimental 
heat of fusion, ∆𝐻° is the standard enthalpy of fusion, and 𝑤% is the weight fraction of the 
relevant polymer (Kuzmanović et al. 2018). 
Xc=∆5!"#∆5°6% (3.6) 
Where: ∆𝐻012= Experimental heat of fusion ∆𝐻° = Standard enthalpy of fusion 𝑤%= Weight fraction of the relevant polymer 
3.6.3 Physical property analysis using ASTM D570 for water absorption 
The water absorption of the PF-polyolefin biocomposites was measured using 
ASTM D570. Film samples (n=1) were cut into 1inch x 1inch squares and dried in an 
oven at 50°C for 24 hours. Upon cooling, the samples were weighed. The material was 
then submerged in water at 23°C for 24 hours. Samples were removed, patted dry with a 
dry cloth, and weighed. Water absorption was recorded as a percent increase in weight 
due to water uptake. 
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Figure 3.5: Process flow diagram for a peach flour -polyolefin biocomposite 
 
3.7 Statistical analysis  
Average values were reported out of 5 measurements for mechanical analysis. 
Thermal and water absorption analyses were not replicated (n=1) due to COVID-19 
limitations. JMP 14 statistical software (SAS Institute Inc., Cary, NC) was used for the 
one-way analysis of variance (ANOVA) and to perform Tukey’s Honest Significant 
Different (HSD) test with a critical significance level of 0.05. The RSM was applied for 
mechanical property and water absorption property analyses. The RSM used an equation 
to predict the response value by varying factor levels. Response surface plots were used 
to understand PF-CR interactions and their effect on measured responses. 
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CHAPTER  4 – RESULTS AND DISCUSSION 
4.1 Proximate analysis of peach flour 
The PF was analyzed for moisture, protein, fat, ash, and fiber content to 
understand its effect on composite properties (Table 4.1). The moisture (3.3%wt.), ash 
(1.6%wt.), and fiber (62.1%wt.) contents were comparable to the ones reported in the 
literature. Fruits contain natural minerals such as calcium, magnesium, zinc, iron, and 
potassium, which make-up their ash content (Torrens Zaragozá 2015). The ash content of 
fruit seeds generally ranges from 2.62-5.90% (Awotedu et al. 2020). The stones of stone 
fruits such as peach and apricot contain high energy and low ash contents <2.0%, which 
make them suitable for use as solid fuel to provide heat (Arvelakis et al. 2005; Ordoudi et 
al. 2018). The relatively low ash content of natural fibers has minimal effect on the 
performance properties of biocomposites (Singh et al. 2019).  
We determined the combined amount of lignin and cellulose to be 62% db. 
Previous research has established that peaches and coconuts contain more lignin than 
other drupes (olives, black walnuts), with values upwards of 50% db (Mendu et al. 2011; 
Dardick and Callahan 2014). In contrast, drupes contain an average of 23% cellulose, a 
relatively low value compared to switch grass and woody crops, which range from 30-
45% (Mendu et al. 2011). A high strength biocomposite would require a high-cellulose-
fiber because cellulose’s high aspect ratio and percent crystallinity can efficiently transfer 
stress and resist high impact (Liu et al. 2014). A high lignin content is beneficial for 
enhancing thermal stability and dispersion, and reducing hydrophilicity (Yang et al. 
2019). Lignin increases thermal stability because it contains a complex phenylpropanoid 
unit with aromatic phenyl groups (Ghozali et al. 2017). 
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Table 4.1: Comparison of experimental and literature values for the proximate analysis of 
whole peach stones (endocarp and seed) 
Analysis Experimental  (%wt.)1 
Literature  
(%wt.)1 Source 
Moisture 3.3 ± 0.9 4.77 Kaynak et al. 2005 
Protein 30.5 ± 2.1 17-282 Rahma and El-Aal 1988; Pelentir et al. 2011 
Fat 8.9 ± 1.3 42-552 Kamel and Kakuda 1992; Rahma and El-Aal 1988 
Ash 1.6 ± 0.1 1.53 Kaynak et al. 2005 
Fiber3 62.1± 0.4 67.2 Mendu et al. 2011  
1Dry basis weight 
2Values taken from peach seed analysis 
3Lignin and cellulose 
 
Protein content was higher than reported in the literature by ~44%, and fat content 
was lower by ~89%. Our values were obtained from the whole peach stone (seed and 
endocarp), whereas protein and fat literature values examined the peach seed only, which 
explained the discrepancy. The higher fat content reported in the literature can be due to 
the fact that the seed is rich in lipids and the woody endocarp is not, which most likely 
lead to the lower fat content in the values obtained in our study. The lower protein 
content of the peach seed (i.e., reported in the literature) can be explained by the fact that 
peach’s woody endocarp likely contains structural protein in its cell walls (Bao et al. 
1992). 
 As previously mentioned, fiber geometry is a highly influential factor in 
determining mechanical properties. Wood flour particles for composite applications range 
from 100-300 µ𝑚 as the mechanical properties of composites increase with decreased 
particle size (Thomas et al. 2013; Zykova et al. 2015). The pre-ground peach stones were 
processed via a grain mill to create the PF. The mill’s burrs were on the lowest setting 
and the flour was sieved to minimize particle size variability. The final PF particle size 
averaged 194.6±102.5 µ𝑚 and its particle size distribution is displayed in Figure 4.1. 
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The large standard deviation was attributed to the mill, which was designed with a burr 
grinding mechanism. This mechanism is highly variable because the fineness setting is 
determined by the distance between the two revolving burrs, which is set by the user. A 
grinding mechanism with a porous screen could produce a flour with smaller distribution 
because it eliminates human variability. Additionally, high distribution is common in 
composite research as a previous study stated that ~70% of particles ranged from 212-
600	µ𝑚 (Rosa et al. 2009; Sharma and Verma 2016). 
 
Figure 4.1: Particle size distribution of peach flour processed via grain mill 
 The thermal degradation profile of the PF was examined to understand its thermal 
stability, which could influence the final material’s processing method and capabilities. 
The PF displayed an onset of thermal degradation at 160°C and a thermal degradation 
temperature (Td) of ~220°C. The derivative weight profile displayed three inflection 
points: 202, 275, and 340°C (Figure 4.2). The three peaks were representative of the Td 
values of hemicellulose, cellulose, and lignin, respectively (Yang et al. 2005). 
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Figure 4.2: Thermogravimetric analysis thermogram of peach flour. The solid line 
represents the weight loss as temperature increases.  
The peaks of the derivative weight profile represent the temperatures that experienced the 
most weight loss. 
4.2 Preliminary tests: Understanding ingredient functionality 
A preliminary experiment was performed to understand individual effects of each 
variable and narrow test variables and levels for the design of experiment. The 
experiment explored the effects of CR loading, PF loading, masterbatch processing, and 
polyolefin matrix. 
4.2.1 Compatibilizer resin concentration 
Understanding the effect of CR concentration is fundamental in optimizing the 
tensile strength of the final composite. The effect of CR concentration was studied by 
increasing its %weight concentration while maintaining a constant %weight of PF; the 
remaining percentage was made of HDPE resin. Coupling agent concentration requires 
optimization to produce an ideal composite. A concentration that is too low may not 
provide enough bonding strength between the natural fiber and polymer matrix, while too 
high concentration may cause fiber particles to aggregate (Liu et al. 2002). The optimal 
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concentration of the coupling agent capable of enhancing mechanical properties varies 
with each coupling agent-natural fiber pair. For example, previous studies that aimed to 
improve mechanical properties optimized an Argan nut shell-PP biocomposite with 
8.0%wt. styrene–(ethylene–butene)–styrene-g-PP and a palm fiber-PP biocomposite with 
2%wt. MAH-g-PP (Khalid et al. 2006; Essabir et al. 2016). The ratio of fiber to the 
coupling agent is another method of describing the required amount of copolymer (El-
Sabbagh 2014). A study investigating the mechanical properties of flax-PP biocomposites 
utilized a MAH-g-PP:flax ratio of 1:10 by weight (Bos et al. 2006).  
Figure 4.3 displays the effect of compatibilizer concentration on the tensile 
strength of PF-HDPE biocomposites with 5%wt. PF. The results showed an increase in 
tensile strength up to 10%wt. of CR. A 5% PF-HDPE biocomposite formulation with 
10% CR was of nonsignificant difference with the HDPE control (Figure 4.3). According 
to the test result a 2:1 CR:PF ratio was considered the optimized formulation to produce a 
high strength PF-biocomposite. 
 
Figure 4.3: The effect of compatibilizer resin concentration on the tensile strength of 
peach flour -high-density polyethylene composites with 5%wt. peach flour.  
Different letters within a group indicate significant differences.  
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4.2.2 Masterbatch processing 
A masterbatch is a pre-dispersed mixture of one or more additives in a resin. The 
masterbatch processing method can minimize exposure to hazardous additives and can 
enhance performance properties through improved dispersion. Masterbatch processing 
allows for longer residence time, which provides more time for shear forces to exfoliate 
filler particles between polymer chains and increase CR activity (Eteläaho et al. 2009). In 
this experiment, a masterbatch was created by processing the PF-HDPE composite twice 
through the extruder to ensure proper dispersion of PF and CR additives.  
A formulation processed through the extruder once was labeled as “Single Batch”. 
The effect of single and masterbatch processing is displayed in Figure 4.4. Pairs with an 
asterisk (*) identifies formulations that have significantly different single and 
masterbatch tensile strengths. There was no significant difference in 4 of 6 formulations 
investigated and those that were significantly different did not display a trend (Figure 
4.4). Therefore, single batch processing was practiced for the remainder of the 
experiment. Masterbatch processing has been found to improve particle dispersion, but 
had weaker interactions than direct additive addition (Gu et al. 2015). The weaker bonds 
may be due to the increased residence time in the extruder, which can thermally degrade 
the biocomposite structure. The degradation mechanism of biocomposites has not been 
sufficiently explored, however it is well-established that exposure to high temperatures 
causes polymer degradation via four general mechanisms: chain scission, cross-linking, 
side-chain elimination, and side-chain cyclization (Beyler and Hirschler 2002; Niang et 
al. 2018). In application to our research study, HDPE degradation involves both chain 
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scission and recombination to produce cross-linked structures, while PP degradation 
involves primarily chain scission resulting in a lower molecular weight (Qian et al. 2011). 
 
 
Figure 4.4: Effect of masterbatch processing on the tensile strength of virgin high-density 
polyethylene (Control) and peach flour -high-density polyethylene composites with 
5%wt. peach flour and varying compatibilizer resin concentration.  
Different letters within a group indicates significant differences; capitalized letters 
identify single batch formulations and lower-case letters identify masterbatch 
formulations. An asterisk (*) identifies formulations that have significantly different 
single batch and masterbatch tensile strengths. 
4.2.3 Peach flour loading 
Peach flour was compounded into an HDPE matrix at the following levels: 0, 5, 
10, 20, 30, 40, and 50% with a 2:1 ratio of CR:PF. The additives (PF and CR) were added 
as a percentage of the amount of polyolefin resin. For example, a polyolefin resin amount 
of 100 g with 20% PF would include 20 g  PF and 40 g CR. Formulations of up to 
20%wt. PF were repeated with a PP matrix. The HDPE and PP composites with 5% PF 
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and higher (Figure 4.5). An optimized filler loading leads to higher tensile strength 
because of efficient stress transfer between the filler and matrix (Huda et al. 2008). While 
a high fiber loading leads to concentrated areas of stress and accelerated sample break 
(Tawakkal et al. 2012). Beyond 5% PF, polymer movement may be restricted and cause 
insufficient filling of the natural fibers into the polymer matrix (Han et al. 2006). Since 
biocomposites with 5% PF loading were significantly stronger than the higher PF 
loadings and displayed strength comparable to their respective controls, the DOE levels 
for PF loading ranged from 2.5-10% PF. These levels allowed us to explore interactions 
above and below the optimized PF load that enhance and worsen the biocomposite’s 
performance. 
 
  
Figure 4.5: Effect of increased peach flour load on the tensile strength of peach flour -
high-density polyethylene and peach flour -polypropylene composites with a 2:1 ratio of 
compatibilizer resin: peach flour.  
A-B Different letters within a group indicate significant differences (for high-density 
polyethylene) 
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a-b Different letters within a group indicate significant differences (for polypropylene) 
*Identifies formulations that have significantly different high-density polyethylene and 
polypropylene tensile strengths. 
The effect of polymer matrices (HDPE versus PP) was examined to compare 
additive compatibility and determine which matrix could produce a stronger 
biocomposite. Figure 4.5 displays the effect of PF load on the tensile strength of both PF-
HDPE and PF-PP biocomposites. An asterisk identifies formulations with significantly 
different HDPE and PP tensile strengths. PF-HDPE biocomposites with 5 and 10% PF 
loading were significantly stronger than their PF-PP counterparts (Figure 4.5). This result 
was expected because virgin HDPE control was significantly stronger than the virgin PP 
control (Figure 4.5). 
4.3 Effect of peach flour, compatibilizer resin, and polyolefin on mechanical, 
thermal, and physico-mechanical properties of peach flour-polyolefin biocomposites 
A central composite design (CCD) was used to determine the effect of PF loading, 
CR loading, and polyolefin matrix on biocomposite mechanical, thermal, and physico-
mechanical properties and to optimize the biocomposite formulation for maximum tensile 
strength. Design factors were: PF (2.5, 5, 10%), CR (5, 10, 20%) and polyolefin matrix 
(HDPE or PP). Factor levels were based on preliminary results discussed in section 4.2. 
Response surface models were created using regression models that best predicted the 
response. Model adequacy was evaluated using residual analysis for normal distribution 
and unequal variance.  
Figures 4.6 and 4.7 display the effect of PF and CR contents on tensile strength of 
HDPE and PP biocomposites created for the DOE. Both matrices resulted in high 
variability, which was likely due to poor particle dispersion. The formulations with 5% 
CR generally produced stronger biocomposites than those with 10 and 20% CR. This 
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trend lead us to focus on formulations with 5% CR and 2.5-10% PF loading for our 
discussion. Although the HDPE formulation with 20% CR and 2.5% PF resulted in 
comparable tensile strength with the formulation with 5% CR and 2.5% PF, the lower CR 
concentration was focused on because it would be more economical to utilize a lower CR 
concentration. 
 
Figure 4.6: Tensile strength values for all high-density polyethylene design of experiment 
formulations.  
The legend describes the peach flour content and the arrows under the X-axis describe the 
compatibilizer resin content of each formulation. Different letters within a group indicate 
significant differences. 
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Figure 4.7: Tensile strength values for all polypropylene design of experiment 
formulations.  
The legend describes the peach flour content and the arrows under the X-axis describe the 
compatibilizer resin content of each formulation. Different letters within a group indicate 
significant differences. 
4.3.1 Mechanical properties 
4.3.1.1 Tensile strength 
The effect of PF loading on the tensile strength of polyolefin composites with 5% 
CR is displayed in Table 4.2. The addition of PF made a significant difference on 
biocomposite tensile strength for two formulations, PP5 and PP10 (Table 4.2). However, 
there was no significant difference between the two concentrations. With PE, adding PF 
did not have any significant impact on tensile strength. 
It can be seen that the full regression model had only one significant factor, PF 
(P=0.001, 𝛼=0.05) (Table 4.3). The model was reduced to the linear effects of PF and CR 
and their interaction. The plastic type resulted in a P value of 0.95, indicating it was not 
significant and was taken out of the model (𝛼=0.05). Although the interaction of PF*CR 
was not significant, the linear effects were highly significant and justified the interaction 
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being included in the model. The PF*CR interaction also increased the R2(adj) value by 
4.2% compared to a model with only PF and CR. The proposed model has an R2(adj) 
value of 48.25%. The surface plots reflected the reduced model (Figure 4.8). The reduced 
regression formula was represented by the following equation: 
TS = 17.34 + -0.51PF + -0.19CR + [(CR-11.25)*((PF-6.09)*-0.03)]  
 
Table 4.2: Effect of peach flour (PF) loading on tensile strength of high-density 
polyethylene (PE) and polypropylene (PP) composites with 5% compatibilizer resin. 
Different letters within a group indicate significant differences. 
Formulation Tensile Strength (MPa) 
Polyolefin PF %wt. db Average 
Standard 
Deviation 
PP 
Control 17.6AB 3.1 
2.5 18.2A 1.5 
5.0 11.4C 1.5 
10.0 14.5BC 2.1 
PE 
Control 14.9A 2.6 
2.5 16.2 A 2.9 
5.0 12.0 A 2.7 
10.0 14.7 A 3.1 
 
The formula predicted that PF and CR would only decrease tensile strength. 
However, PP and PE formulations with 2.5%PF increased tensile strength by 3% and 8%, 
respectively, compared to their controls (Table 4.2). Beyond 2.5% PF loading the tensile 
strength displayed a decrease with PF. This suggested a low PF filler loading is capable 
of producing a biocomposite of comparable strength to a neat polyolefin.  
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Table 4.3: Estimated variance analysis for the tensile strength of peach flour -polyolefin 
biocomposites (𝛼=0.05) 
Source 
P Values 
Full Model Reduced Model 
PF 0.00124 0.00031 
CR 0.06164 0.00520 
Plastic 0.94838 - 
PF*PF 0.82588 - 
CR*CR 0.75537 - 
PF*CR 0.16702 0.07737 
Plastic*CR 0.35270 - 
Plastic*PF 0.72867 - 
CR*CR*Plastic 0.71086 - 
PF*PF*Plastic 0.95495 - 
 
 
Figure 4.8: Response surface plot for the tensile strength of peach flour-polyolefin 
biocomposites as a function of peach flour (PF) and compatibilizer resin (CR) 
The decrease in strength was an indication of incompatibility between phases. At 
high levels of PF and CR, the tensile strength was at its lowest for both PP and PE 
composites (Figure 4.8). Incompatibility between the CR and PP was evident in physical 
holes formed on the composite PP film compared to the PE film (Figures 4.9 and 4.10). It 
was also be seen that formulations with higher CR loading (Figure 4.10b) had more and 
larger holes than those with lower loadings (Figure 4.9b).  
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Figure 4.9: Images of films made with 10% peach flour and 10% compatibilizer resin in 
(a) high-density polyethylene and (b) polypropylene peach flour -filled biocomposites.  
  
Figure 4.10: Images of films made with 10% peach flour and 20% compatibilizer resin in 
(a) high-density polyethylene and (b) polypropylene peach flour -filled biocomposites. 
It has been established that biocomposite mechanical strength depends on three 
factors: (1) strength and modulus of natural fibers, (2) strength and toughness of the 
matrix, and (3) the effectiveness of stress transfer from fiber-matrix interfaces 
(Tragoonwichian et al. 2007). It can be assumed that the matrices’ performance 
properties were unaffected because the processing temperatures utilized were below the 
common processing temperatures for HDPE and PP, which are 200-280°C and 205-
300°C, respectively (Selke and Culter 2016; Zhu et al. 2019). Similar to our research 
study, an apricot shell-HDPE biocomposite with 30% filler loading resulted in a 28.2% 
decrease in tensile strength compared to neat HDPE (Essabir et al. 2014). Since there was 
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no significant increase in tensile strength with PF addition in our experiment, these 
results suggested that PF and potentially all stone fruits have poor mechanical properties 
or have a composition unsuitable for reinforcing polymer matrices (Zhu et al. 2019). This 
statement should be confirmed through physical and mechanical property tests on the PF 
(Djafari Petroudy 2017). Additionally, the overall decrease in tensile strength with CR 
and >2.5% PF addition suggested that the poor mechanical properties of the 
biocomposites were likely due to poor interfacial compatibility between the matrix and 
fibers. Excess filler and coupling are both associated with agglomeration, which reduces 
compatibility with the matrix and reduces their capability to efficiently transfer stress 
between phases (Liu et al. 2002; Sri Aprilia et al. 2014). This confirmed our results that 
an increase in PF and CR lead to a decrease in tensile strength. 
4.3.1.2 Young’s modulus and extension at break 
Young’s modulus displayed nonsignificant changes with the addition of PF in 
both matrices (Table 4.4). PF-HDPE resulted in a decreased Young’s Modulus with PF, 
while PF-PP appears to be unchanged by PF addition (Table 4.4). These trends were also 
seen in the response surface plots, which will be further discussed. The full regression 
model had only two significant factors, PF and plastic type (Table 4.5) (PPF=0.01, Pplastic= 
0.02, 𝛼=0.05). Therefore, quadratic effects were removed from the model, but this 
resulted in a Pplastic of 0.07 and only one significant factor, PF (PPF= 0.003)(Table 4.5). 
Although PF was the only significant factor of the reduced model, the linear effects of 
CR and plastic and all interactions were included in the model because their effects 
resulted in an R2(adj) value 10.5% higher compared to a model with only PF. The 
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proposed model has an R2(adj) value of 32.73%. The surface plots reflect the reduced 
model (Figure 4.11). 
Table 4.4: Effect of peach flour (PF) loading on Young’s Modulus and Extension at 
Break of high-density polyethylene (PE) and polypropylene (PP) composites with 5% 
compatibilizer resin. Different letters within a group indicate significant differences. 
Formulation Young’s Modulus (MPa) 
Extension at Break 
(mm) 
Polyolefin PF %wt. db Average Standard Deviation Average 
Standard 
Deviation 
PP 
Control 1349.1 A 419.6 2.4 A 0.9  
2.5 1498.5 A 184.1 1.9AB 0.2 
5.0 1180.8 A 183.5 1.4B 0.3 
10.0 1408.8 A 207.1 1.6 B 0.3 
PE 
Control 1403.1 A 343.8 15.5 A 10.3 
2.5 1180.3 A 326.0 8.6 AB 3.5 
5.0 836.0 A 207.2 8.7 AB 7.5 
10.0 1092.8 A 368.4 4.1 AB 2.5 
 
Table 4.5: Estimated variance analysis for the Young’s modulus of peach flour -
polyolefin biocomposites (𝛼=0.05) 
Source PValue 
Full Reduced 
PF 0.00514 0.00340 
Plastic 0.02381 0.06927 
CR 0.27353 0.11865 
PF*CR 0.14745 0.12659 
Plastic*CR 0.75573 0.26975 
Plastic*PF 0.98072 0.57905 
CR*CR 0.93268 - 
PF*PF 0.75320 - 
CR*CR*Plastic 0.16295 - 
PF*PF*Plastic 0.98802 - 
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a.  
 
b.  
Figure 4.11: Response surface plots for the Young’s Modulus of (a) high-density 
polyethylene and (b) polypropylene peach flour -filled biocomposites 
Aforementioned, the Tukey test resulted in nonsignificant changes in Young’s 
Modulus with PF addition for both matrices, but the response surface plots displayed 
noticeable trends due to factor effects (Table 4.4, Figure 4.11). Both HDPE and PP 
response surface plots displayed a decrease in Young’s Modulus from the combined 
effect of PF and CR addition (Figure 4.11). The decrease in Young’s Modulus was 
similar to results reported in the literature (Puglia et al. 2008). Authors have attributed 
decreases in mechanical properties to a migration of excess coupling agent around the 
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fibers, causing agglomeration and self-entanglement rather than interaction with the 
polymer matrix (Mohanty et al. 2006). High fiber concentration has also led to increased 
agglomeration of fiber, which reduced compatibility of filler in the matrix (Sri Aprilia et 
al. 2014). Not to mention the foreseen incompatibility between hydrophilic 
lignocellulosic fibers and hydrophobic polyolefin matrices, which has been known to 
challenge mechanical property enhancement in biocomposite preparation (Drzal et al. 
2001). Plant fibers are hydrophilic because of the attraction between hydroxyl groups of 
both the fiber’s structure and water molecules (Kalia et al. 2013). Polyolefins contain a 
carbon backbone, which is very hydrophobic and insoluble in water (Hagiopol and 
Johnston 2011).  
Furthermore, PF-HDPE displayed obvious singular effects from PF and CR, while 
PP appeared to be unchanged by singular effects of PF and CR addition (Figure 4.11). 
The HDPE response surface plot suggested that PF would decrease Young’s Modulus, 
which means material rigidity decreased. This decrease may be due to the rigid PF 
particles disrupting the matrix causing the material to become more brittle. Meanwhile, 
the HDPE response surface plot suggests CR could increase Young’s Modulus, which 
would increase rigidity. This would be due to the maleic anhydride compatibilizer, which 
forms strong bonds with the polymer matrix and could reinforce the matrix (Jayasuriya 
2017). 
CR did not affect PF-PP’s Young’s Modulus likely due to weak interactions. 
Incompatibility between the PP matrix and CR was mentioned in Section 4.3.1.1 and seen 
in Figures 4.9 and 4.10. Since the CR was MAH-g-HDPE, the difference in polyolefins 
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between the CR and matrix (PP) may have negatively influenced the bonding capability 
between phases and led to the weak interactions. 
The collected data for extension at break was highly skewed, so the data was 
transformed and the data was analyzed as log base-2 of the extension at break for a 
meaningful interpretation. All linear effects were significant in the full regression model, 
whereas quadratic effects were not (Table 4.6) (𝛼=0.05). After the removal of quadratic 
effects, linear and interactive effects became significant and were all included in the 
reduced model (P<0.05, 𝛼=0.05). The proposed model had an R2(adj) of 93.6%. The 
response surface plots reflect the reduced model (Figure 4.12). 
Table 4.6: Estimated variance analysis for the extension at break of peach flour-
polyolefin biocomposites (𝛼=0.05) 
Source P-value Full Reduced 
Plastic 0.00000 0.00000 
CR 0.00001 0.00000 
PF 0.00037 0.00005 
Plastic*CR 0.08242 0.01817 
Plastic*PF 0.00033 0.00011 
PF*CR 0.04394 0.00271 
PF*PF 0.90411 - 
CR*CR 0.14655 - 
PF*PF*Plastic 0.62356 - 
CR*CR*Plastic 0.93465 - 
 
Extension at break decreased significantly with PF addition in both matrices 
(Table 4.4). Both matrices resulted in a response surface model with a clear decrease in 
extension with PF and CR (Figure 4.12). Fiber loading was anticipated to decrease 
extension because fiber particles have been found to act as an interfacial discontinuity in 
the form of aggregates, which restrains deformation (Hidalgo-Salazar and Salinas 2019). 
This result has been seen in several other biocomposites, such as rice husk-PP, green 
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coconut-thermo plastic starch, and seaweed-HDPE composites (Albano et al. 2005; 
Lomelí Ramírez et al. 2011; Hidalgo-Salazar and Salinas 2019).  
CR decreased extension due to the enhanced interfacial adhesion, which led to 
lower polymer chain mobility (Figure 4.12) (Chun et al. 2012). Even small amounts of 
hydrogen bonding between CR and PF can have a negative effect on chain mobility as 
chains can no longer slide past each other (Shakeri and Hashemi 2004; Irigoyen et al. 
2019). Similar behavior has been reported in a taro powder-recycled HDPE-ethylene 
vinyl acetate composite made with a variety of coupling agents such as methyl 
methacrylate, PE-g-MAH and caprolactam-MAH (Hamim et al. 2017). All coupling 
agents act as reinforcement resulting in a brittle composite and reduced elongation 
(Ndlovu et al. 2013). 
a.  
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b.  
Figure 4.12: Response surface plots for the Extension at Break of (a) high-density 
polyethylene and (b) polypropylene peach flour composites 
 
4.3.2 Thermal analysis 
4.3.2.1 Thermogravimetric analysis 
The thermal stability of the PF-polyolefin composites was determined using 
thermogravimetric analysis (TGA). Understanding the thermal degradation of the 
composite is important because polymer processing temperatures are close to the 
degradation temperature of natural fibers. Generally, pure PP and HDPE melt at 160°C 
and 120-180°C, respectively, and natural fibers begin to degrade around 200°C. 
Additionally, the complexity of the system may alter both the polymers and fibers’ 
degradation profile, which is essential knowledge for the composite’s final application. 
The degradation profile provides insight on appropriate processing temperatures, which is 
fundamental in polymer processing because excessive temperature-time processing 
conditions can oxidize and degrade resin with the probability of negatively impacting 
physical and mechanical properties (Selke and Culter 2016). 
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The TGA thermograms of the PF-PP composites were not expected. All PF-PP 
composite Td values were at least 20°C higher than the control and all samples displayed 
an overall shift in thermal stability (Table 4.7) (Figure 4.13). The biocomposites’ onset 
degradation temperature was ~254°C, which represented the onset of degradation for 
cellulose (Crews et al. 2016). The higher fiber formulation, 10% PF in PP, displayed 
more rapid weight loss and additional derivative weight peaks at 271°C and 340°C. 
These peaks, which were also seen in the PF thermogram, reflected the degradation of 
cellulose and lignin, respectively (Figure 4.2). The tallest biocomposite derivative weight 
peaks were at ~434°C, while the control’s peak was at 406°C (Figure 4.13). The 
derivative weight peak decreased by 0.5%/°C when PF increased from 2.5 to 10%wt.  
Previous research exploring coconut shell powder-PLA and rice husk-PP 
biocomposites reported an increase in biocomposite thermal stability in the presence of 
natural fiber (Chun et al. 2012; Hidalgo-Salazar and Salinas 2019). This increase was 
attributed to the char formation during fiber pyrolysis, as char may act as a protective 
barrier from thermal decomposition (Perinović et al. 2010; Chun et al. 2012). Char 
formation is represented in the residue value (Table 4.7). The increase in residue is due to 
the chemical structure of lignin, which contains a phenylpropanoid unit with aromatic 
phenyl groups that contribute to lignin’s ability to char and slow thermal degradation 
(Ghozali et al. 2017). The derivative weight peaks decreased with PF loading likely 
because the higher lignin content contributed to slower degradation and weight loss. This 
shift in thermal stability was unlikely to be due to CR addition. Previous research has 
suggested that coupling agent addition can accelerate degradation by destroying polymer 
crystal structures therefore promoting thermal degradation (Zhang et al. 2017). 
 69 
Table 4.7: Effect of peach flour loading on the degradation temperatures (Td) and 
%residues on peach flour-polyolefin composites through thermogravimetric analysis 
Formulation 
Td (°C) 
Derivative 
Weight Peak 
(%/°C) 
Residue 
(%) Polyolefin PF %wt. db 
PP 
Control 334.7 406.8 <0.1 
2.5 369.1 435.4 0.8 
5.0 363.4 434.1 1.9 
10.0 367.7 433.6 4.0 
PE 
Control 413.1 455.12 0.7 
2.5 413.5 457.11 1.4 
5.0 420.9 458.45 1.8 
10.0 414.2 456.38 3.0 
 
 
Figure 4.13: Thermogravimetric analysis thermogram for peach flour -polypropylene 
composites with increasing peach flour loading and 5% compatibilizer resin 
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Figure 4.14: Thermogravimetric analysis thermogram for peach flour high-density 
polyethylene composites with increasing peach flour loading and 5% compatibilizer resin 
On the other hand, the PF-PE composites displayed no shift in thermal stability 
compared to the PE control (Table 4.7, Figure 4.13). PE with 5% PF resulted in a Td ~7°C 
higher than the remaining HDPE samples, but its thermogram displayed no shift in 
thermal stability (Table 4.7, Figure 4.13). All derivative weight peaks were ~456°C with 
a derivative weight of ~2%/°C. The HDPE biocomposites did display onset degradation 
values of 251°C, as seen in the PP formulations, representative of the onset of cellulose 
degradation (Figure 4.14 and 4.13). The formulations with higher PF loading (HDPE 
with 5 and 10% PF) again displayed rapid weight loss and additional derivative weight 
peaks at 273°C and 342°C reflecting the degradation of cellulose and lignin, respectively.  
PF-HDPE biocomposites displayed no shift in thermal stability likely because of 
HDPE’s naturally high degradation temperature of ~460°C, which did not display any 
enhancement from the thermal stability of lignin. Another possible explanation is that 
there was no interaction between filler and matrix and the filler did not disturb the 
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degradation process (Perinović et al. 2010; Hidalgo-Salazar and Salinas 2019). 
Interactions should be confirmed through spectroscopic analysis. 
The biocomposites did not display any decrease in thermal stability, which led us 
to conclude that PF-polyolefin biocomposites are capable of thermal processing. HDPE 
and PP can be processed below 200°C, which is the recommended processing 
temperature to preserve the mechanical properties natural fibers (Velde and Kiekens 
2003; John and Anandjiwala 2009). 
4.3.2.2 Differential scanning calorimetry 
DSC measures the heat flow through the sample compared to a reference to 
identify phase changes. The data collected for this study was: melting temperature (Tm), 
crystallization temperature (Tc), crystallization enthalpy, and percent crystallinity (Table 
4.8). The crystallinity of 2.5% PF-PP decreased from 75.5% to 42.6% and continued to 
decrease with PF loading (Table 4.8). Along with crystallinity, the enthalpy of 
crystallization decreased across all biocomposite formulations, which means there was a 
reduction in the energy required to crystallize the matrix. Polymer chain movement may 
have been restricted by the addition of fibers, which may act as an obstacle for crystal 
formation and decrease crystallization enthalpy (Lee and Wang 2006; Perinović et al. 
2010). Crystallinity influences the optical, mechanical, thermal, and chemical properties 
of the polymers. A reduction in crystallinity leads to a reduction in density, tensile 
strength, melting temperature, and opacity, while increasing elongation, toughness, and 
impact strength (Selke and Culter 2016). The desired polymer crystallinity varies with the 
polymer application. For example, highly crystalline polymers can be made into rigid 
containers, while low crystallinity polymers can be made into plastic bags. PF-HDPE 
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biocomposite at 2.5% PF displayed a 2.7% increase in crystallinity compared to pure 
virgin HDPE (Table 4.8). This increase may be attributed to fibers increasing the number 
of nucleating sites to enhance crystallinity (Avérous and Le Digabel 2006). The 
imperfections and defects of fiber surfaces may favor and initiate the growth of crystals, 
as seen in wood flour-PLA biocomposites (Mathew et al. 2006). The decreased Tc values 
for biocomposites was another indication of the nucleating ability of fillers (Table 4.8) 
(Wang et al. 2018). Beyond 2.5% PF the HDPE biocomposite crystallinity decreased 3% 
lower than the pure virgin HDPE and continued to decrease with PF loading. PF had no 
influence on Tm indicating that the filler does not disturb the melting process (Perinović 
et al. 2010). Similar results have been reported in a silica-HDPE composite (Jeziórska et 
al. 2014). The HDPE glass transition temperature (Tg) could not be observed as pure 
HDPE has a Tg value of -110°C (Wang et al. 2007). PP did not display its expected Tg of 
-10°C, therefore the provided PP was crystalline and remains crystalline during the glass 
transition. 
Table 4.8: Effect of peach flour loading on differential scanning calorimetry values for 
peach flour-polyolefin composites with increasing peach flour loading and 5% 
compatibilizer resin 
Formulation 
Tc (℃) Enthalpy of crystallization 
(j/g) 
Tm (℃) %Crystallinity Polyolefin PF %wt. db 
PP 
Control 123.07 153.30 165.85 75.5% 
2.5 117.59 104.90 162.09 42.6% 
5.0 116.11 91.80 161.17 38.7% 
10.0 116.24 94.66 162.33 39.4% 
PE 
Control 118.66 210.70 133.87 77.0% 
2.5 118.58 196.50 134.35 79.1% 
5.0 119.83 186.00 133.44 74.7% 
10.0 118.25 148.37 134.58 62.4% 
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4.3.3 Water absorption 
Water absorption is the capacity of a polymer to absorb moisture from its 
environment. In general, water uptake in a composite will increase with fiber loading, 
hydrophilicity, and composite porosity (Sultana and Khan 2013). The percent increase in 
weight due to water absorption is presented in Table 4.9. The data displayed an increase 
in water absorption with PF loading (Table 4.9). The collected data was highly skewed, 
so the data was transformed and the data was analyzed as log of the percent absorption 
for a meaningful interpretation. Quadratic and interactive effects were all nonsignificant 
as illustrated by a p-value higher than 0.05, therefore they were removed from the model 
(Table 4.10). Although the PCR was greater than 0.05 in the reduced model, it still 
increased the R2(adj) value by 1.2% compared to a model with only PF and plastic type. 
Therefore, CR was kept in the model. The reduced model had an R2(adj) of 65.52%, 
which was reflected in the response surface plot (Figure 4.15). 
Table 4.9: Water absorption for peach flour-polyolefin composites with increasing peach 
flour loading and 5% compatibilizer resin 
Formulation %Increase Polyolefin %PF 
PP 
Control 0.08% 
2.5 0.08% 
5 0.19% 
10 0.30% 
PE 
Control 0.06% 
2.5 0.17% 
5 0.49% 
10 0.94% 
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Table 4.10: Estimated variance analysis for the %absorbance of peach flour -polyolefin 
biocomposites (𝛼=0.05) 
Source PValue Full Reduced 
PF 0.00000 0.00000 
Plastic 0.05174 0.02216 
PF*CR 0.10537 - 
Plastic*PF*PF 0.25857 - 
CR 0.37249 0.16459 
PF*PF 0.38219 - 
Plastic*CR 0.42933 - 
Plastic*PF 0.50255 - 
Plastic*PF*CR 0.71858 - 
Plastic*CR*CR 0.88621 - 
CR*CR 0.97599 - 
 
a.  
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b.  
Figure 4.15: Response surface plots for water absorption of (a) high-density polyethylene 
and (b) polypropylene peach flour -filled biocomposites 
 
As previously reported, water absorption significantly increased with fiber 
loading (P<0.1, 𝛼=0.05) (Figure 4.15). There was not enough evidence to prove CR had 
an effect on water absorption properties (P>0.05, 𝛼=0.05). Water absorption increased 
with fiber content likely because of the increased number of hydroxyl groups capable of 
forming hydrogen bonds with water. Additionally, high fiber loading leads to poor 
interfacial bonding, which increases the number of micro-voids, causing increased water 
absorption (Yang et al. 2006). However, the highest water absorption demonstrated was 
0.90% for the 10%. PF-PE formulation, which was relatively low compared to a 10% rice 
husk-thermoplastic starch composite, which had a reported absorption of ~7% (Table 
4.9). This result was similar to the behavior of a walnut shell-thermoplastic composite 
(Singh et al. 2019). This relatively low water absorption was likely due the higher lignin 
content and lower content of highly hydrophobic materials, cellulose and hemicellulose.  
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CONCLUSION 
The objectives of this research were (1) to develop maleic anhydride 
compatibilized PF biocomposites with PP and HDPE matrices and (2) to evaluate the 
biocomposites’ mechanical, thermal, and water absorption properties. It was 
hypothesized that maleic anhydride compatibilized PF could serve as a viable filler in a 
polyolefin matrix because peach stones offer a high lignin content for interaction between 
the compatibilizer and polymer matrix. 
A low PF loading (<2.5%) and 5% CR loading produced HDPE and PP 
biocomposites with comparable tensile strength, young’s modulus, and extension break 
properties to their virgin, pure polyolefin controls. Filler loadings of 5% and greater 
generally demonstrated a decrease in mechanical properties because of the 
incompatibility between hydrophilic fibers and hydrophobic polymers. The 
incompatibility ultimately lead to agglomeration, which reduced the capability of 
efficient stress transfer between phases. Since all mechanical properties either remained 
unchanged or significantly decreased with fiber loading, the results suggested that PF 
possesses poor mechanical properties unsuitable for biocomposite mechanical strength 
enhancement.  
PF addition caused a shift in the thermal degradation of PP biocomposites, which 
was attributed to lignin’s complex structure which imparts high char capability, as char 
may act as a protective barrier against decomposition. The HDPE biocomposites 
displayed no change in degradation temperature or melting temperature indicating that 
the filler did not interfere with the degradation or melting process. The crystallinity of 
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both PP and HDPE decreased with PF loading likely because fillers restricted polymer 
movement and acted as an obstacle for crystal formation.  
Water absorption increased with fiber loading because of the increased number of 
hydroxyl groups capable of bonding with water. However, the relatively high lignin 
content of PF imparts higher water absorption resistance compared to high cellulose 
content fibers. 
It was concluded that a PF-polyolefin biocomposite with 2.5% filler loading and 
5% CR could produce a plastic material comparable to a neat polyolefin matrix. This 
would reduce petroleum consumption and could divert approximately 1,302 tons of peach 
waste from the landfill. Potential applications for this material include non-load bearing 
commodities such as packaging and automotive parts and consumer goods. 
Future research should explore physical and mechanical properties of PF to 
identify its strengths and determine its best application. Additionally, future research 
should examine the morphological structure of PF-polyolefin biocomposites using 
spectroscopy and microscopy to confirm bonding capability and identify opportunities for 
improvement.  
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